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mation was summarized or extracted.

Unfamiliar names rendered phonetically or transliterated are
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tion mark and enclosed in parentheses were not clear in the
original but have been supplied as appropriate in context.
Other unattributed parenthetical notes within the body of an
item originate with the source. Times within items are as
given by source.

The contents of this publication in no way represent the poli-
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LASERS AND MASERS

i . UDC 621.375.826+533.6,011

THE GAIN AT THE 00°1-10°0 TRANSITION OF CO; IN A REACTING FLOW OF A GAS
MIXTURE CONTAINING CO AND N20

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6 No 11, 1979 manuscript
received 18 Mar 78 pp 2439-2441

[Article by A.I. Didyukov, A.S. D'yakov, N,N. Ostroukhov, B.K. Tkachenko
and Ye.M. Cherkasov, Moscow Physics and Engineering Institute]

[Text] A scheme for supersonic and subsonic blasts of
cold N20 into a heated mixture of gases containing CO is
studied. This scheme permits a steady-state exothermic
reaction with the formation of CO molecules. It is found

- that the greatest gain (= 1%/cm) is realized when blowing
N20 into the subsonic portion of a f£low of Ny-CO-He.
Replacing the He with hydrogen or water vapors reduces the
gain. Analysis indicates the possible contribution to the

- gain of vibrationally excited COp melecules, formed as a
result of the reaction.

The possibility of using nonequilibrium chemical reactions to produce the
active medium of a CO2-Np laser was indicated in paper [1], The results
of [2, 3] which were subsequently achieved can be explained by the presence
of supplemental chemical pumping of the upper COp lasing level as the
result of an exothermal oxidation reaction of CO in the critical cross-—

- section region of the nozzle.

We studied the reaction of carbon monoxide with nitrous oxide, which is
realized when cold N30 (Tg = 300° K) is blown into a heated mixture of
gases containing CO. This scheme makes it possible in principle, to re-
alize a steady-state flow mode with nonequilibrium exothermal reactions
to form the active lasing medium,

We studied two blow~in variants: in the supersonic and the subsonic
channels of the nozzle., An advantage of the first is the better condi-
tions for freezing the vibrational energy, however, the initiation and

course of the chemical reactions in this case is made difficult of the
low density and onset temperature, which significantly increase the

1
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In the case of blow-in into the subsonic portion of
the flow, the conditions for mixing and the course of the reactions are
Condsidering the fact that at the same density, the relaxation
and reaction rates are basically determined By the onset and vibrational
temperatures respectively, and by a careful selection of the blow-in point,
one can assure the conditions for the nonequilibrium exothermal reaction
and assure effective freezing of the energy liberated in the expanding
flow.

Figure 1. The configurations of the nozzles used:

a, Nozzle 1 with injection into the
superconic section, h* = 0.35 mm, the
injection coordinate Xjp = 2.2 mm, the
probe coordinate Xp = 25 mm; b, Nozzle
ITwith injection into the supersonic
section, h* = 0.5 mm, the aperture half-
angle is © = 5°, Xgq = 0.5 mm, X, =70
mm; c. Nozzle ITI with injection in the
subsonic section, h* = 0.35 mm, Xpq =

= -13 mm, Xp = 3- mm.

Figure 2, Oscilloscope traces of the intensity, regist-
ered in the region A = 10,6 micrometers,

Figure 3. The gain as a function of
the ratio of the rates of
flow fy, of the N0 (1) and
C02 (2) being blown in to
the overall flow rates my
for the case of injection
into the helium containing
nixture (nozzle 3).

a7 |

7

30 (1igg [ 100

The experiments were performed on the set-up described in paper [4]. The
profiles of the nozzles used are depicted in Figure 1, The NoO was blown
in through holes in the nozzle wall. In varfants a and b, holes with

2
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a diameter of 1 mm were spaced at intervals of 10 mm, in which case, the
series of holes in one half of the nozzle were shifted by 5 mm with respect
to the series of the other half., TIn wvariant ¢, the diameter of the holes
was 0.3 mm and the spacing between them was 5 mm; the gas was blown in from
one half of the nozzle. The ratio of the flow rates of the gas being blown
- in and the main flow vavied from 0.1 to 1,

The experiments were carried out with mixtures of 40% CO + 40% N2 + 157 Hp +
+ 5% H20 and 40% CO + 20% Ny + 40% He. For them, the radiation intensity

_ of the gas flow in the region X = 10.6 mm was evaluated (in a band singled
out by a dispersion filter). In experiments without the blowing-in, the
oscilloscope traces of the radiation intemsity of the flow, together with
the intensity of the probe laser and without it, are in agreement (Figure
2a). The oscilloscope trace of the flow intensity with the N20 blowm-in
(Figure 2b) is similar to the first, however the maximum level of the signal
is higher in this case.

Thus, signal amplification of the probe laser, recorded when the NoO is
blown-in, can be entirely explained by the formation of COp in the chemical
reactions,

We shall move on to a description of the results obtained with tke blowing-
_ in of N20 in the case of the nozzle cenfigurations which we selected, In
experiments with nozzle I (see Figure la), no amplification was recorded
over the entire length of the nozzle when working with both mixtures. This
negative result, apparently, is explained by the fact that the chemical
reaction delay time is greater than the flow time of the gaseous mixture
from the blow~-in point to the mozzle edge.

Nozzle II (see Figure 1b) permited a reduction in the difference between
these times because of decrease in the flow rate and -n increase in the
density and temperature. An oscilloscope trace of the trial when N20 was
blown into a mixture containing Hp and H90 is shown in Figure 2c. A gain

of about 0.4%/cm was registered. For comparison, experiments were conducted
with COy blown-in, other conditions being the same (Figure 2d). The maxi-
mum gain likewise reached about 0.4%/em, however, the time curve was differ-—
ant, The gain when N20 is blown-in begins sharply somewhat earlier and
sharply terminates. when COy is blown-in, absorption is initially observed,
which then smoothly goes over to amplification, The maximum in the gain is
achieved at that point in time when the gain for the case of N20 being
blown-in terminates. Even considering the fact that in the oxidation re-
action of CO, the NyO is completely expended and the partial quantities of
C02 in the former (see Figure 2c) and in the latter (see Figure 2d) cases
are identical, a conclusion can be drawn concerning the chemical pumping of
the upper lasing level. However, for a complete and precise assessment of
the influence of the chemical reactions, it is necessary to monitor the
concentration of COp, which is formed as a result of the chemical reactions
of CO with N20. This monitoring was not done in this work., In the ex-
periments with the second mixture, no gain was registered. We believe that

3
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this is related to a lower reaction rate in the absence of Hy and water
vapor in the mixture, something which was indicated in [5].

Tn experiments where nitrous oxide was blown—-in ahead of the critical
cross-section of the nozzle (the profile of Figure lc), a gain was regls-
tered for both mixtures. For a hydrogen containing mixture, the gain
reached approximately 0.3%/cm (Figure 2e)., This result is comparable to
that obtained when CO7 is blown-in (Figure 2f)., A significant increase
in the gain was observed when N70 was blown into a mixture in which the
hydrogen was replaced by helium (Figure 2g). In these experiments, the
maximum gain reached about 1%/cm. This is apparently due to the closer
to optimal conditions for the course of the reaction and to the effective
freezing of the liberated energy. It is necessary to note the difference
in the nature of the oscilloscope traces obtained for injection in the
supersonic and subsonic portions of the nozzle. TIn the oscilloscope
traces of Figures 2e-.and g, there is a valley in the intensity of the
registered radiation, which is due to the specific features of the in-
jection process. The gas being blown in begins to get into the main

flow when the pressure in the main injection line (20-30 atm) and the
static pressure in the main flow are comparable. The pressure of the main
flow in this case varies from 45 atm to O,

A curve was obtained for the gain as a function of the amount of N0
blown-in (Figure 3), which was limited by the conditions uuder ."ich the
experiment was conducted. Gain appeared at minimal jnjection, and with
an increase in the injection, increases rapidly, reaching a maximum and
then falling off sharply, This nature of the function, In our opinion 1is
related to the critical conditions for the course of the nonequilibrium
reactions.

Thus, the results obtained attest to the possibility of chemical pumping
of the upper lasing level of the CO2 mnlecule as a result of the occurr-
ence of nonequilibrium exothermal reactions of CO with N,O in a steady-
state gas flow. The results of the studies allow for the hope that by a
careful selection of the injection point, the structural design of the
nozzle and the composition of the mixture, one can significantly increase
the efficiency of the given scheme,
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LASERS AND MASERS

UDC 621,375.82

THE DEVASTATION OF THE LOWER T.ASING LEVEL OF CO2 GAS DYNAMIC LASERS UNDER
CONDITIONS OF A CHEMICALLY NONEQUILIBRIUM MEDIUM

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6 No 11, 1979 manuscript
received 11 Jan 79 pp 2420-2421

[Article by N.Ya. Vasilik, A,D. Margolin and V.M. Shmelev, Institute of
Chemical Physics of the USSR Academy of Sciences, Moscow]

[Text] It is experimentally demonstrated that in the
working medium of CO) gas dynamic lasers, which operate
on the combustion products of mixtures with an atomic
composition of C, O, N, effective deactivation of the
lower lasing level occurs with the collision of CO2
molecules and NO molecules, which are formed in the decay
of the original substances, while collisions with carbon
monoxide molecules do not provide for effective deacti-
vation of the lower lasing level.

In GDL's [gas dynamic lasers], operating on the combustion porducts of
mixtures having an atomic composition of C, N, O, H, water vapors are used
to devastate the lower lasing level. However, during collisions with

- water molecules, a considerable portion of the vibrational emergy is lost.
These losses are particularly pronounced when molecules of carbon monoxide
are used as the vehicle for the vibrational emergy [1].

The purpose of this work is to study the deactivation of the lower lasing
level of COy GDL's for the case of collisions of C02 molecules with CO

and NO molecules. High values are given in the literature [2 - 5] for the
probabilities of these pirocesses.

The experiments were carried out with a setup consisting of a combustion
chamber with a volume of 0.5 liters, a chamber ahead of the nozzle (0.4
liters) and a supersonic nozzle. The critical section dimensions were
0.3 x 300 mm. The expanding section of the nozzle was formed by the
surface of a circular cylinder. The initial aperture half-angle of the
nozzle was 30°. In the case of an expansion factor of 100 for the gas
flow, the surface of the circular cylinder makes a tangential transition

6
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to a plane, and in this way, the expanding section of the nozzle is
coupled to a constant cross-sectien, The optical gain (or absorption)

is determined by measuring the increase (or decrease] in the radiation of
an electrical discharge laser in the constant cross—section channel at a
distance of 90 mm from the critical section of the nozzle. The following
mixtures were fed into the combustion chamber: C0:02:N2 = (3 + §):1.5:
1(7.5~-X) and CO:Ng0:Np = (3 + X):3:(6 ¥ X), 0 < X < 1.5, Commercial grade
nitrogen and carbon monoxide, and medical grade oxygen and nitrous oxide
- were used in making the mxitures. The major equilibrium combustion pro-
- ducts of these mixtures are €0z (25 - 30% of the volume), CO (up to 15%)
and nitrogen.

The gas pressure in the constant cross-section supersonic channel and in
the pre-nozzle chamber was measured by induction transducers. The maximum
pressure values in the pre-nozzle chamber reached 40-50 atm, and in the
constant cross-section channel, 8-10 mm Hg.

- Experiments with the original C0-02-Nj mixture showed that in the case of
collisions of the COy molecules with carbon monoxide molecules, effective
relaxation of the lower lasing level does not occur, since the laser radi-
- ation is absorbed in the combustion products which contain up to 15%
carbon monoxide (the white experimental circles in Figure 1), while the
introduction of an insigiificant amount of water vapor (= 1%) into the
composition of the working medium assures a positive gain (the black ex-
perimental point in Figure 1).

The optical gain o for the given mixture, obtained by numerical integra-
tion of the system of kinetics equations for the vibrational relaxation
and gas dynamic equations, similar to the system in [10], where the
presence of water vapors (curve 3 in Pigure 1) is in quantitative agree-
ment with experimental data. The values of a for water free mixtures
consisting of COp, Ny and CO were computed for two different functions of
the temperature for the constant K(T) of the deactivation rate of the
deformation type vibrations of the C02 molecules for the case of colli-

i sions with carbon monoxide molecules: curve 1 in Figure 1 corresponds to

= values of K(T) = 104 - 105 (mm Hg + sec)-l in a temperature range of 300-
1,000° K [2 - 5], and curve 2 was obtained assuming the equality of the

- probabilities of the deactivation of the lower lasing level for the case
of collisions with nitrogen and carbon monoxide molecules [6, 11].

A comparison of the results of experiments and calculations allows for
the conclusion that the values of the deactivation constant K(T) in the
literature [2 - 5] are substantially overstated.

Experimental values of the optical gain are given in Figure 2 for the
combustion products of mixtures of CO-N20-N2 (fhe small white circles), as

- well as in the combustion products of a control mixture of 2.9 CO + 0.1
CoH2 + 3.4N20 + 5.6Ny (the solid blacks ecircle). In this series of ex-
periments, the combustion products of mixtures which do not contain water
vapors amplified radiation with a wavelength of 10.6 micrometers,

7
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Since the results of trials with CO-02-N, and CO-NpO-Nj mixtures, having
the same atomic composition, and consequently, approximately the same
equilibrium compesition of the major combustion products, are different
qualitatively, one can conclude that in the combustion products of hydrgen
free mixtures of (CO-N20-Nj), deactivation of the lower lasing level
occurs with collisions with chemically nonequilibrium products.

a7 Figure 1. The optical gain as a function
95+ of the molar concentration of
3 . .
carbon monoxide in the combus-
0 ! \ N tion products,
g05 o7 Yo
. H IR I
-0§ 2

Figure 2, The optical gain as a func-
tion of the ratio of the

am! ) ! molar concentrations of
45 3 3 carbon monoxide and nitrous
¢ [ 230 . oxide in the original mix-
425 H ture,
a 1 !
575 30 125 [cd)/ (Wyf)

The oxidation of carbon monoxide and the decay of nitrous oxide in the
CO + N20 at temperatures of 1,500-2,000° K, runs according to the follow-
ing scheme [7 - 9]:

N,04+M—~N,+0,
N,0--0—2NO,
N;0-£0—>0,4-N,,
N,01CO~CO, X,
0-+COEM—~CO,- AL

The yield of nitric oxide in the mixture of N0 with CO at a temperature
of 2,000° K amounts to about 30% of the N20 I9].

At a temperature of 2,000° K and a pressure of 10 atm, the nitric oxide
has a characteristic lifetime T1, which exceeds the time t) of the pre-
sence of the reaction products in the combustion chamber of a GDL under
the conditions of our experiments (12 = 1 msec). A high value of the
probability P of the deactivation of the deformation vibrations of
carbon dioxide gas molecules is given in the literature [4, 5] for the
case of collisions with nitric oxide molecules (P = 4 - 10'3) at room
temperature, On the basis of what has been presented here, it can be
assumed that the devastation of the lower lasing level in experiments
with N20 was assured by the collisions of CO2 molecules with NO®, and

8
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possibly, with other oxides of nitrogen, It is also possible that it is
specifically the presence of NO in the gas discharge plasma which explains
the errors in the measurement of K(T) in papers [2, 3].

It is shown in this paper that in the working medium of a carbon dioxid
GDL's, which operate on the combustion products of mixtures with an atomic
composition of C, 0, N, effective reactivation of the lower lasing level
occurs in the case of collisions of COy molecules with NO molecules, and
npossibly, with other oxides of nitrogen, formed in the decay of the orig-

inal substances, while collisions with carbon monoxide molecules do not
assure effective deactivation of the lower lasing level.
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LASERS AND MASERS

UDC 621.378.33

ON THE OPTICAL EXCITATION OF A MOLECULAR LASER IN A PHOTODISSOCIATION
WAVE PROPAGATING IN A DENSE GAS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6 No 11, 1979 manuscript
received 11 Feb 79 pp 2349-2360

[Article by I.A. Izmaylov and V.A. Kochelap, Institute of Semiconductors
of the Ukrainian SSR Academy of Sciences, Kiev]

[Text] The photolysis of gaseous media which accompanies
recombination reactions is studied. It is shown that
with the action of high power radiation, such media are
completely or partially bleached into nonsteady-state
photochemical waves. Intense exteraal radiation can
produce larée concentrations of atoms and radicals

(1018 - 1019 ¢p—3) and initiates strongly nonequilibrium
reactions. The conditions for the formation of an in-
verse population of the electron states of the molecules
- the recombination products - are studied for cases
where the recombination reactions have a radition channel.
Inversion can occur both with linear light absorption and
in bleaching modes. The results are applied to a number
of specific mixtures, for which the conditiens for the
occurrence of inversion and the light gains which occur
are calculated.

Optical pumping [1] is widely used at the present time to excite electronic
photo transition.molecular lasers. This kind of pumping is quite universal,
since it can be applied to various molecular systems, and is capable of
initiating and sustaining processes which lead to an inverse population
(direct population of the upper levels of the working photo transition,
photodissociation with the formation of an excited molecule or atom, etc,).
Of particular interest is the photolysis of a gas with subsequent chemical
transformations which lead to excitation and an inverted populatisn of the
chemical reaction products., Thus, lasing was realized for the first time
with the electron transition of a molecule excited during the course of

an exchange chemical reaction [2, 3] (the 12; - 32; in the S molecule
during the photolysis of COS).
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An inverse population and light amplification can also arrive with the
recombination of atoms and radicals: the produets of photolysis. Such a
possibility has been treated earlier in the literature [4, 5]. These
and other studies have shown that when designing a recombination laser,
it is necessary to take the following facters into account:

1. It is necessary to produce nonequilibrium concentrations of atoms and
radicals of about 1018--1019 cp=3, This requires the application of high
power light fluxes of the pumping light and the utilization of gases with
high densities and absorption coefficients. Under these conditions,
photolysis at a considerable depth is possible only in photochemical
bleaching waves [6, 7].

2. Recombination reactions are one of the main chemical processes, which
determine in many respects the nature of the photochemical waves which
prove to be nonsteady-state and decaying,

3. With high concentrations of atoms and radicals, fast chemical reactions
can also occur, which lead to the diminution of the active components,

and which produce the molecules - the recombination products. These
parasitic processes make it difficult, and in some cases, impossible, to
produce an inverted population and achieve light gain.

4, In the case of absorption of the external light, considerable erergy is
liberated in the course of the subsequent chemical reactions, and the
temperature increases and the inversion existence time falls off,

5. The high radiation powers which are delivered, are liberated in

narrow spatial layers, lead to the appearance of large pressure gradients
in the gas and cause the motion of the medium, something which complicates
the photolysis picture and leads to optical inhomogeneity of the medium,

6. We took the factors cited above into account when constructing the
theory of the optical excitation of an inverse population and light gain
during the recombination reactions. The possibility of optical pumping

of a recombination laser in a linear mode is treated (section 2), the
nature of the bleaching waves in the recombining gas is studied (sections
3 and 4) and expressions are derived for the inverse population and light
gain criteria. The results of the theory are applied to specific gas
mixtures; the pressure and composition of the gas as well as the para-
meters of the light sources needed to excite lasers of the type considered
here are computed (section 5).

1. The Initial Equations

The photolysis of a gas, which is accompanied by a bleaching wave and
chemical transformation, is described by radiation transfer and chemical
kinetics equations. These equations define the flux density of the

photons of the actual frequencies J and the gas composition. The thermal
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balance equaiion determines the gas temperature T. When the motion of
. the medium is taken into account, the gas density p and its velocity v
are likewise to be determined, These cases will be specified separately.

We shall assume that all quantities depend on one spatial coordinate x,
and the light propagates in a positive direction of x, Then the equation
- for J 1is written in the form

1 o/ aJ

, T e = We=—uw, W

where k is the light absorption coefficient, which depends on the
composition and density of the gas. We shall assume that each act of
light absorption leads to photodissociation, Equation. (1) is applicable
in two very irteresting cases: for a monochromatic light source (laser
pumping), where x corresponds to the frequency of this light wy, and for
radiation, the spectrum of which is considerably wider than the absorption
spectrum which leads to the photolysis (pumping by a source with a bright-
ness temperature of tens of thousands of degrees). In the second case,

J dis the flux of photons at frequencies which fall in the absorption

band Aw; ,, 2'3%2- 5 dox (@),
Awy,

_ The kinetics equations can be written only for specific chemical pro-
cesses. We shall consider two types of gaseous mixtures, which consist
of donor molecules X and diluent molecules M of the atoms.

- A, The mizture of homonuclear X9 and M molecules. In this case, the
photolysis

_ Xot+ho,— 2X @)

is accompanied by a single chemical process: the recombination reaction:

fio

X+ M)=X, + .
X+ (M) 2+ (M) + Q, 1)

where Q1 is the process heat for (I). In reaction (I), the presence of
a radiation channel is assumed in addition to the thermal channel, where
the radiation from the radiation channel can be used in lasers.

The concentrations [X] and [Xy] are related by the relationship for the
material balance: [Xp] = (p/pg)[X2]g - 0.5[X], where the "0" subscript
applies to the original gas, unperturbed by the light. The following

- equation is justified for [X]:

d [XVdt=2W ,—(W —W,.), (3)
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where Wy = o[X,]J; W1 and Wq' correspond to the direct and inverse pro-
cesseg of (1). Only those cases where the thermal dissociation processes :
can be neglected (the inverse process of (I)) will be treated below.

B. The mizture of heteronuclear AX and M molecules. In this case,
besides the photolysis

AX+ro,— A+X %)

recombination reactions (I) also occur as well as the following pro-
cesses, initiated by the external radiation:

A+X+(MZAX+(M)+Q;; an
AX+XZZA+HX,. (II1)

here, Q, is the process heat of (II).

‘It is assumed that the compounds Ay, AM and XM do not exist, The composi-

tion of the gas is determined by the concentrations [AX], [A], [X], [X]
and [M]. They are interrelated by the relationships: [AX] + [A] = (p PO
= (p/p0) [AX]p, [AX] + [X] + 2[Xp] = [(p/pg)AX]g. Taking them into account,
one can write the equations for any two concentrations, for example, for -

[AX] and [X]: , '
= [AX]=—W V,—W,, -
0[; ] J+ 2 3 (5) .
Tt'[xlzwl—wﬂ—.wl’
(6)

where Wy = o[AX]J; W; (i = 1, 2, 3) are the rates of the forward processes -
of (I) - (II1). The quantities W; have the form -

Wi=ky XEIMI, Wo=kyJAT IX] MI, Wymh, IAX] X1, -

where kj-kj are the constants of the reactions rates for (I) - (III), -
which do not depend on T. The thermal balance equation is written in

the conventional way., Thus, for the photolysis scheme of A, it has the

form:

M} RcM%’;=(ﬁmL—Q1) v, —,'-—;‘—Q’Wi, ® _

where Rcy is the heat capacity of the diluent.

The equations cited here should be supplemented with the initial and
boundary conditions, We shall assume that at the point in time t = O,
raditiation falls on the boundary of the medium x = 0 having a constant
photon flux of J (x = 0,t) = Jg» t 2 0. For the points x < ct, the fol-
lowing intensity distribution is established by the point in t = x/c:

J (x, f)y=Jge~"%,  ng=x (t=0), (9) -
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in which case, over these times, only an insignificant change in the concen~
- trations of the original components occurs, A further substantial change
B in J and the other characteristics of the system occurs after signifi-
cantly greater times (of photolysis and the chemical reactions). For this
reason, the first term in equation (1) can be omitted, and the distribution
of (9) is referenced to the point in time t = 0O, The initial conditions
for the chemical kinetics equations have the form:

- For photolysis scheme A: 1X,1=1X,)o, [X1=0, t=0:

For photolysis scheme B: [AX]=IAX0], [Al=[X]=[X,]=0, t=0.

We assume: T(x.,o) =Ty p (%, 00=p,, v {x, 0)=0, v (0, i)=0.

2. The Photolysis of Homonuclear Biatomic Molecules, The Linear Mode.

We shall begin the treatment of photolysis in accordance with scheme A
with the simplest case, for which the medium is not bleached. In this case,
the distribution of J(x, t) does not depend on t and is determined by

formula (9). Neglecting gas dynamic perturbations (they are estimated
. below), we introduce the dimensionless parameters:

=1XV2 Xy, G=1Xo VX olo=1—81, [()=(8) 0 Ly,

(10)
tpox=(4ky |Xaly MDY, =1/t 6=TIT,, n=IAX]/IM]L
) [tpek = trec]
- Then we find zj in simple form from kinetics equations (3):
L=V I® th(zV T (). (1)
for 6, we find from (8):
9 52 — _Rorn = __Qm
_ —at—'-s(A—B)I;2+Bcl, A= RCMJ;NO ’ B= cM]lQTn * (12)

Formulas (11) and (12) are justified in the absence of bleaching, i.e.,
for g3 << 1., This condition is met for any I if t is small (Tt << 1)
and for all v, if

1 O)=I,«1. (13)

An analysis of the tnverted population criterion. We shall employ the
inverted population criterion for the Xj molecules, formed in the process

14
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of recombination (X¥), which is given in [9]:

1X1*=1X,) K, (T) ehoirT, )

where Ky (T) is the chemical reaction equilibrium constant for I; v is
the frequency of the working photo transition. We shall assume that K1 (T)
= g0e-Qq/RT, Using (11) and (12), this criterion is written in the form

2 -'/'_ 0 oy (I — Q) Qy/RT,
I'th (T I) > ehp{_l-i—Alt—B]/ T thx VT )]’ (15)

]

where #"=K{%/(4nM]), Q=}0/Q.. Formula (15), along with equation (9),
solves the problem of determining the spatial regions with an inverted
population and their timewise evolution. Tt is convenfent to study (15) in
explicit form in the plane I, t. Our treatment is justified only for the
portion of the plane adjacent to the axes T = 0 and T = 0, and bounded by
the curve ¢3(r, I) = 1. We shall partition this portion of the plane by
the line t/I = 1 (curve 1 in Figure la). An inverted population appears
- below this line in the region TYI << 1 under the condition F(Tg, Q) = X0+
*exp[-Q1 (1 - Q)/RTp] << 1. The inversion curve, which separates the region
where (15) is observed, proves to be a hyperbola: Tt = [F(Tp, Q)11/2
- (curve 2). Tt follows from (15) for the inversion curve in the region
/(M2 «< 1 << 1/I that I = const. = F(Tg, Q) (curve 3), The line IT =
= (Q/RTp) (1 - @)/A 1nK0O (curve 4) is approximately obtained for It >> 1.
The strait line I = Ip is to be drawn for a specified incident radiation
intensity Iy in Figure la, since in the working velume T £ Ig. Thus, the
inversion region in the variables I and T proves to be an island, the
boundaries of which depend substantially on the temperature Tg: with an
increase in T, the island is reduced and when Tg > (/D)1 - ﬂ)/ln(KO/To)
disappears. In this case, the intensity of the external light is insuf-
ficient to produce the inversion, For: )

1—Q
T, = 2SR (16)

an inversion cannot form.

_ Using the results presented, it is not difficult to describe the behavior
of an inversion in the space~time variables x and t (Figure 1b). The
most important conclusions from this treatment are the finite time of the
existence of an inverted population at each of the points in space and the
shift of the region in which the inversion is realized.

If criterion (14) is observed, then the light gain can be represented in
the form:
a=a (o, 7) X%, 17)

where a(w, T) depends on the type of molecules and was computed for
various cases in [5, 9 ~ 11]. It is easy to compute o using the formulas
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given here. If a does not depend substantial% on T, then o reaches
a maximum in the region /T > 1: Unax = 4aIlX,]c.  For the latter case,
the qualitative course of the surves a(x, 1) = gonst is shown in Figure 1b.

In conclusion, we shall give the expressions for gas dynamic perturbations
of the density:

- P— Po JOC)\\C [ e ¥o¥ ISh (t/tﬁ) - t/tu]‘ x> aot

Po (Kol Fomiag | —-[t/tp e 1 ch (x%x) e 'p — 1], x < ayt, (18)

where t, = (Koao)‘l; C=A-B. for tyge >> t, and C = A for Trec << Tp;
ag is the velocity of sound in the undisturbed gas. 1In actual cases,
J/([X2]gag) = A = B = 1, and for this reason, it follows from (18) that
the gas dynamic perturbation can be neglected only when t << tpe

3. The photolysis of the Xj molecules in a decaying bleaching wave.

We shall consider the photolysis of the mixture A at intensities such
that bleaching effects occur:

Io>1. s")
x
We shall introduce the dimensionless variables PEUOdeIXzL and
Y= xo|Xaly/lo;; then J = Jgexp(-p), and instead of (1) and (3), we
find: .
L e 2 (B g as)

It is characteristic of (19), that the left side contains a small parameter
in the case of the higher derivative. This term can be comparable with the
- other terms of (19) only in a narrow space-time zone, which separates the
regions in which the solution depends continuously on ¥ and almost does not
depend on T. One of these regions corresponds to the initial medium where

L
- fy o7 == . Continguous to it is the region of rapid change in
p (the bleaching front), where instead of (19), one can write: L o _
_ __%LE—P, from which: T, 0y ot
e

p=In {‘P (@ [e"‘7'+ I Y dT/fP_l(T')]}i
[
L=1 / [1 Ay e—l°x5dt'(p“1 (1:’)]. (20)
.0
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The "fast solutions" (20) like- =
- wise make a transition to smooth
I functions from the side of small
values of X, In this region, we
derive the equation JﬂLe"::(l-—

] JQL)Q

—T o)

from (19),
where the solution of this equa-
tion has a simple form:

p=—In (I—y), &=l 1—1 (21)

by tying (20) and (21) together
at the point xa(tr) where all of
the terms of equation (19) are of
the same order of magnitude, we

- Figure 1. The inversion regions
for the case of linear
mode photolysis.

Sections 2, 3 and 4 of find ¢(t), p, £2 and the explicit -
the inversion curve (a) form of XQ(T). We shall give g
correspond to lines 2, and gt
3 and 4 of (b); curves _— - "
5 and 6 correspond to & (x, D=I1+1o exp—{l, (x—xp N},
lines of constant gain, - L e
- a (x, T) = const. LK (B)=1—e""7, (22)

The found solutions describe a nonsteady-state photodissociation wave, the

amplitude and velocity D(t) of which fall off with time (D = Joe~T/[{X5]0). -
The characteristic decay time is about tprees and the depth of penetration
into the working volume is y = 1 or x = kKoLlg, something which is I, times
greater than the similar characteristic for the linear absorption mode.

The inverted population criteria. TFor the temperature in the photolysis
front, we find from (12): ¢ = 1 + (1 - t2) (A - B). By substituting ¢ and
£y =1 -7, in (14), we find that if the following condition is met:

Ao

7 60M(l—9).>'ﬂ< o —1)(‘“‘”")2 (23)
or T0<Toms—?;—[ }n}fi __c%(ﬁé:ru _1)], -

then an inverted population arises in the front and is maintained in a
certain region of the bleached gas, It Tg > Toy or Tgy < 0, then the

inversion exists only in the photolysis wave front itself. When (16) is
met, inversion does not occur.

Estimates show that for actual values of the gas parameters, a mode is
realized where inversion occurs in the front while it is maintained

- 17
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following the front of the bleaching wave. In the bleached region, we
find from (12) and (21) that: 0sx04+A (t—-74(%) 0p=/+A—B; ; 19(x) =
= -1n(1 - x) is the moment the front passes through the point x. This
expression permits the determination of the time of existence of the
inversion following the photolysis front in the bleached region:

R (Tom— o) cx/(f 0, )=const, (24)

The conditions found here show that behind the bleaching wave fromnt, a
quasisteady-state "inversion wave" propagates through the gas., In the
case considered here, the thickness of the inverston layer is smaller
than at low intensities (13). However, the concentrations of the atoms
achieve the greatest possible values [X] = 2[X2]g, while the light gain
in the inversion layer is equal to a = 4a(w, T) [Xz]%.

The actual gas dynamic mode. Depending on the velocity of the photodis-
sociation wave, various modes of gas motion are possible. The most inter-
esting case is that of a fast wave, when a section of almost steady-state,
quasihomogeneous gas flow exists behind the wave front (the light deto-
nation mode). In equations (3), (5) and (6), 3/3t is to be replaced by
d/dt, and the gas dynamics equations of [8] are to be writtem, It turns
out that the photolysis wave velocity D(t) does not change, while the
indicated quasisteady-state mode is possible when

==_D(L)\ .3 ‘ l~4|—'2‘CM l/ X+QCM
d== a, 7d1~l/‘2(1+cM—)L+l— ——————2(]+CM) L, (25)

where I, = A = B, Quasisteady-state flow s realized for x' <X < Xg»
where the lower boundary x' is due to wave rarifaction, where the
wave propagates at the local velocity of sound dx’ _ 1 T )

! L = oy VO s,

s = v/ag for the density, temperature and velocity, we tind:

'al,"’

=i, 8= (1= ) (v 1/a0ds),

@2 — 1 £ /(@ — 10— 2L (1 4 2c) /(T + c) (28}
(T 2oy dicy .

§=

Fistimates show that the change in ¢ from (26) s the most important for
the gain conditions, The light detonation front, bleaching wave, inver-
sion layer and region of quasisteady-state flow are illustrated in
Figures 2 and 3.

4, Photolysis of AX Molecules which Occurs According to the Scheme
(1) - (I11)

A type B mixture, when t -~ @, as follows from equations (5) and (6),

is completely bleached when subjected to radiatien (in contrast to the

A mixture), however, the bleaching, generally speaking, is not of a wave
nature, The mode closest to the bleaching wave is realized only at the

18
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limit supr(Ig, B') >> B, where B = ka/kj, B' = k3/ky[M], when process (II)
is suppressed (the inverse with respect to photodissoctation). We shall
consider only the case where the greatest concentrations of atoms are
realized:

1B, B (B21). (27)

With condition (27), just as in section 3, a narrow space-time region is
successfully singled out (the wave front), in which the intemsity falls
from a certain value of I, down to zero, almost AX dissocfation occurs
and the atoms are built up to concentrations of [X] = [X]n.x = [AXlg.
The front propagates with a velocity D(t) = JOIQ(t)/([AX]IQ). The value
of Iy is determined by the residual absorption in the bleached region.
Behind the wave front, we find for the concentration 7.:

(for this section, 2[X3]g > [AXg] should be substituted in the dimension-
less parameters of (10)twice., Here Tg(x) is the moment the front passes
through the point x; Ig(t) is determined by the equation:

T ’
To(t) =Io—p [ av 10 E) . (29)
0

Figure 2, A nonsteady-state photodissoci-
ation wave.

Curves 1-3 correspond to the
points in time t] < t2 < tg33

4 corresponds to a steady-state
distribution, which 1s realized
when t + @) x5 and x,q are the
coordinates of the end of in-
version for the points in time
tg and t3.

We shall give the solutions of this equatfon in two limiting cases:
i
Bzl (30)
The upper condition corresponds to the maximum transition to a type A
mixture, and for this reason, the result Ty = Ioe‘BT for Bt X 1 agrees

with the formulas of section 3 within a precision of the symbols kj+kj.
For the lower inequality of (30), we find from perturbation theory that

19
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Iy - Ig = Bln(l + 1), i.e., for the times

T<lel/b—} (31)

I = Ig. The depth of penetration of the photolysis wave into the gas
is equal to about Ka Igel/B, greater than for an A mixture.

For the temperature in the wave front, we find 6 = 1 + (A - Bl)cl, and
behind the wave front:

8(x» V) =14(A—B1)-+Ap In [1+v—14() 1+ (ByFB2) (t—74)/ (1 +1—1¢), (32)

where

Bi=Qa/(cuRTo); B.= (3Q1—Q2M/(cyRT o).

Here, the second term corresponds to the liberation of energy with the
residual absorption of light, and the third is for the recombination
case,

The output of products can be determined from equations (5) and (6).
Immediately behind the wave front, we obtain the following with logarith-
mic precision [Xp] = [AX] . 1n[Ig/2I4(t), and later, [X3] = ([AX]lg -

- [X1/2), where [X] is to be taken from (28). Using these results, it is
to calculate the inversion criteria. (14). We shall give the condition
for maintaining the inversion behind wave fronts in a recombining gas:

& 1—Q _. Ror—Q 33
To<% {m(mmlo/lq,) e n}' 39

Just as above, we are citing formulas which take into account gas motion,
only for the case where a region of quasisteady-state gas flow exists
behind the photolysis wave front. This case is realized when D(t) > agdy ,
where d; is determined by (25) with L = Ly = A+ Bp; the change in the
other parameters behind the wave front is determined by the formulas of
(26), in which we are to assume that L = A + By ~ (Bl + Bg)gy, and 2[X3] =
= (p/pg) [AX]g - [X]. The following inexplicit expression is obtained

for [X] as.a function of t and X

1 .
!, at, (%) C—]'I, =— (=1 ().

Figure 3, The velocity (a) and depth (b) of the
gas as a function of the coordinate
in the rarefaction waves 0 < x < x',
in the region of quasisteady-state
flow x' < x < x4 and in the bleaching
front x = %4 for t = t3 (see Figure2).

k)

R
4 E
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I
i
I
X Ay x
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These formulas completely define p, v, 6, [X] and [X3] behind a photoly-
sis wave front, taking gas motfon into account; they can be used to com=
pute the inversion criteria (14) and the light gain,

5. Specific Substances which Are Suitable for an Optically Pumped Recombi-
nation Laser

We used published data on the spectral photodissociation regions to calcu-
late the photolysis of specific mixtures: Ay - A9; the mean values of the
photodissociation cross—sections in these ranges of o; the values of the
reaction rate constants kj. The values of Jg were computed for ‘the indi-
cated spectral ranges for a sourée with a high brightness temperature of
Tp = 4 104 K. All of these quantities are given in Tables 1 and 2.
Also shown there are the functions a(T) which we computed (see(17)). The
values of the reaction heat and chemical equilibrium constants were taken
- from [12]. 1In all cases (with the exception of the gas S2), Tg = 300° K.

Photolystis of the gas Cly, We shall consider a mixture of Cl2-N2 where
[Clplg =5 - 1018 cn=3 and n = 0.3. For the parameters of Table 1,

- Kal = 0.5° cm, tpec = 2 microseconds, Ig = 0.12 (see (10)), i.e., the
linear photolysis mode is realized (section 2). The inversion formation
criterion (16) has the form Tq < Tpay = 1,130° K and is easily met., The
gas parameters depend on x. We shall consider them for x = Kal. The
inversion existence time at this point is Aty = 6.9 (Aty = 13 microseconds).

- At the moment of inversion disruption, the gas is heated up to T = Thax?
and [C1] = 7 - 1018 en=3, We shall give the photolysis parameters for

one of the points in time for which the inversion is realized: t = 3.5.

We find from (11) and (17) that [C1] = 2.6 - 1018 cu~3 and T = 640° K.

The change in the density due to gas dynamic perturbations is (p - po)/po

= 0.09 (see (18)). The light gain isa = 4.3 . 10-3 em™l, Thus, for

the case of Cly photolysis in layers of about 0.5 cm for a duration of

= 10 microseconds, a gain is realized which exceeds 10-3 cm-l,

The photolysis of Brg gas. We shall consider a mixture of Bry-Cap at
) [Brp] = 1018 cm-3 and n = 0.25. For the parameters of Table 1, we find
- trec = 6 microseconds, k§' = 2.2 cm and Ig = 8. A photodissociation wave
is realized having a velocity Dg = 2km/sec (dg = 14), the limiting velo-
city is dy = 2.7 (see (25)), so that the quasisteady-state flow region
behind the front exists for x < 14 cm, while the total depth of wave pene-
l tration into the volume amounts to 17 cm. The temperature behind the
: front is 740° K. It follows from (23) that inversion is realized only in
the wave front. We shall give the gas parameters at the point in time
T = 0.7, when the front is located at the point x = 9 em, T = 4, The gas
behind the front is accelerated up to velocities of 40 m/sec, and in the
front, [Br] = 1,5 - 1018 cp-3; using (17), we find the mean gain in the
front: o = 2.4 - 10~4 cm~1 and A = 1,320 nm.
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TABLE 1
" 2° z N
g o ' . lo, : - z 3° 5 !
S E g, cu? AA, HM g =‘=’u'§i % a(r, T), cu®
3 g - nm 5 ae a%
- % . s'g- X N O'x
[ 7]
) 1,8.10—42 }
0,8-10-43%)
- 1.9.10-19 [14] |285—375(3,4.102|0,4 [15] | 57 1121 | ri00\e/ (3360
o 4] X(T) exp\ 7
A= 1200 um Nm
’ 7.10-4
7.10—“‘
4,5.10-19 [14] |370—520] 3.10%% | 0,8 15)] 45121} /j000\, (3150
Br, | (4] X(’T‘) exp _T_)
2= 1320 1v nm
7.-10—41
1,5.1o—u->} X
- 1.5.10-17 [16}***)| 240290 | 2,4.10%3 [2,8117)*"){ 100 [21] | 11000\, (3,900
- | (e
E A == 450 uMm nm

Key: 1. Jg, phot/(cm? , sec);
- 2, kg » 1033, cmb/sec (T = 1,000° K);
- 3. Q3, Kcal/mole;

*) The value of a(A, T) is given for high pressures in the gas, when the
B rotational structure in the radiation spectrum disappears., In other
cases, the value of a(A, T) corresponds to the doppler widening of the
electron~vibrational-rotational line and to the tramsition with the
maximally populated rotational level.
%%) The measured value in [17] amounts to 27% of the total recombination
constant ki where T = 300° K [11]. A temperature dependence of
k1 = 1,000° K/T was adopted.
*%%) The mean value for the indicated band is given, which corresponds' to
transitions at the level v' = 10 - 26 83(8325), which effectively

decays as a result of spontaneous and induced predissociation colli-
sions [14].

The photolysis of Sg gas. We shall consider a mixture of Sy-Nj at Tg =
= 700° K, when a concentration of [Ss2]q = 1018 eu=3 is achieved, From
Table 1, when n = 0.25 we find that tyec = 22 microseconds, nal = 0,07 cm
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and I = B80. A bleaching wave with a velocity of 4.7 km/sec is realized
(dg = 5.2, and the limiting velocity of (25) is equal te 1.8). The total
penetration of the wave into the gas is 5.3 em, and quasisteady-state flow
behind the wave front is possible when x < 4 cm., We shall consider the
state of the gas when T = 0.9: the front is located at x = 3,2 cm, and

I = 32; the extent of the nonsteady-state flow is 1,6 cm; behind the front,
the gas is accelerated up to v = 0.13 km/sec; T = 1,060° K; the compression
is p/po = 1.15; the concentrations are £, = 1 and £ = 0.03. For A = 450 nm,
the inversion layer amounts to about 0,16 em; inversion is disrupted when
T = 1,500° K. The gain right behind the front is equal to 1.2 - 102 cm-l
and at the moment inversion is broken off, 4 » 10™3 cm~l, For A = 550 nm,
the inversion layer is about 0.66 mm, inversion is lost at T = 2,000° K

and the gain behind the front is 3 + 10-3 cm, while at the moment of in-
version loss, it is 4.6 » 10~4 cm-l,

It can be seen that the levels of the gain are sufficient to realize
generation or recombination pumping. We will note that fn [13], an S2
laser was optically pumped with direct optical excitation of the upper
lasing state of Sp (B).

Photolysis of COS gas. TIn the photolysis of COS, sulfur atoms in the

1p) and lsg excited states are formed in the spectral range indicated in
Table 2, We shall consider those pressures at which these states are
deactivated before the exchange chemical process of tyve (TII) occurs. We
shall consider a gaseous mixture of C0S-COo, where [cos] = 2 » 1018 em—3
and n = 0.05. Using Table 2, we find t{I) = 5 microseconds, kgt = 0.04 cm;
Ig = 28, B = 0.05 and B' = 0.1 (an exchange comstant of k3 = 1,3 « 1014
cm3/sec was used). The conditions of (27) are met, i.e., maximum concen-
trations of [S8] = 2 . 1018 em=3 are achieved in the wave front; the layer
in which the recombination occurs is 1 cm thick, The wave penetration
depth is practically unlimited. Condition (29) leads to the criterion for
the occurrance of inversion, Tg < 1,320° K for A = 550 nm. Right behind
the wave front, T = 760° K, and as a result of establishing chemical equi-
librium, T = 1,020° K is established, i.e., the inversion is preserved
right up to the complete recombination of the S atoms. The maximum gain
of o = 10-3 em~1 is realized immediately behind the wave front at the point
where half of all the atoms has reacted, o = 2 « 104 cm-l,

Thus, the photolysis of COS can be accomplished practically any depth of
the gas, the inverted population at the S2 (B =+ X) transition is preserved
in the extended layers of the gas and a gain is achieved which is suffic-
ient to excite lasing.

Photolysis of CH3Br gas. 1In the case of photodissociation of CH4Br, the
following reactions occur: CH3Br + ﬁwL -+ CH3 + Br, CHj + Br - CH3Br (II),
2CHy + CoHg (I), Br + Br + (M) » Bryp + (M) (I"). As compared to photoly-
sis scheme B. this process has two recombination channels, T and I', in
which case, both reactions promote bleaching of the medium. Exchange
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reactions III are slow because of the energy barrier, Reactions II and I
are two-frequency reactions and occur at greater rates, and process I' is

- significantly lower, and for this reason, the results of section 4 can he
applied to the entire process, if we set A = Br and X = CH3 everywhere
(with the exception of the inversion criteria).

TABLE 2
6
T . _ cm [sec
a=x | ey g, cut 48;/'&.‘?&, by, eutfe kan/aSas [12]
2 4
phot.é(cm‘. ) frat/mote
CO. 105—115] 1,5.10—17 [14] 1,7-10—34 [18] 127
COS |140—180| 1,5.10-37 1] 43 2.10~34%) 72
- CH,Br 1o—250]  7.10-1 [14) 10 4,7.10-11%%) 67
l 10—12%%»)

A
*) The calculation is based on the decay rate constant from [19] and
the chemical equilibrium constant of [12].
*%) The dual frequency reaction rate constant of CH3 + CHg + CoHg
[em3/sec] [18].
*%%*) The same, for CH3 + Br + CH4Br,

- By way of example, we shall consider the mixture CH3Br-CO; with a concen-
tration of [CH3Br] = 4 - 1018 em=3 and n = 0,04, Fox the parameters of
Table 2, we find Dg = 2.5 km/sec, tlec = 5,ns and t%ec = 3 microseconds.
The Br atoms recombine over a length of Iyg. = 0.8 cm, the temperature
behind the bleaching front is 700° K, and following recombination of the
Br atoms, it is 780° K, The inversion criterion is met right up to the
com?lete disappearance of the Br atoms, and the gain is apax = 1.2 + 10~
cm~l,

6. Conclusion

We shall summarize the major results and conclusion of the paper. The
photolysis of gaseous media has been studied, in which some of the major
chemical processes are recombination reactions. It is shown that with the
action of nigh power radiation, these media are completely or partially

iy

bleached in nonsteady-state photochemical waves., At the maximum intensity,

a theory has been constructed for such waves. It is shown that a case
exists, of the greatest interest for lasers, for which quasisteady-state
flow, having the greatest homogeneity, is realized behind the photolysis
wave front. Intense radition can produce large concentrations of atoms
and radicals (1018 - 1019 cm=3) and initiates strongly nonequilibrium

recombination reactions. An inverted population of molecules--recombination
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products was studied. Inversion can occur both with linear absorption of
light and in bleaching modes. The degree of dilutfen of the working gas
has a substantial influence on the inversion criteria.

The theory developed was used to calculate the photochemical wave, gas
dynamic parameters and inverted population which arise during the photo-
lysis of specific mixtures, for which the effective population of the
excited molecular states in the recombinatien reaction are well known

from the literature. The optical pumping conditions, under which recombi-
nation laser operation is possible, are determined. The optical pumping
of the lasers treated here is of the greatest interest, since consider-
able excited particle densities should be achieved in them; large working
volumes can be used, and the broad dissociation spectra permit the effici~
ent utilization of the pumping energy. Optical pumping can also serve as
a simple approbation of the recombination mechanism of laser excitation,
which can also be realized under other ("dark™) conditions and are promis-—
ing for applications in high power flow type chemical lasers using elec-
tron phototransitions [5, 20-22].
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LASERS AND MASERS

i UDC 621.378.9

THE EFFECT OF THERMAL CHOKING SUPPRESSION WITH THE RESONANCE INTERACTION
BETWEEN HIGH POWER LASER RADIATION AND A GAS FLOW

Moscow KVANTOVAYA ELEKTRONIKA.in Russian Vol 6 No 11, 1979 manuscript
received 23 May 79 pp 2476-2481

- [Article by A.A. Stepanov and V.A. Shcheglov, Physics Institute imeni P.N.
Lebedev of the USSR Academy of Sciences, Moscow]

[Text] The phenomenon of thermal choking in a supersonic
flow of a chemically reacting gaseous mixture is analyzed.
The conditions are found under which the choking situation
knowingly does not arise., The possibility of laser control
of gas dynamic processes in such flows is demonstrated,
which permits suppression of the thermal choking under
specific conditions.

1. It is well known (for example, see [1l, 2]), that when heat is fed to

a supersonic or subsonic flow, the flow velocity in a constant cross-

section channel will fall off (or increase) until a critical value is

reached, v., (the Mach number is M = 1), after which, further forced

heat input proves to be impossible without changing the nature of the
- flow (the thermal choking phenomenon). Supercritical heat input can lead
either to rearrangement of the steady-state flow (for example, to the
formation of shock waves), or to the appearance of a nonsteady-state mode
(in particular, surging).

2. In a typical situation, the heat source is a chemical reaction between
- a fuel and an appropriate oxidizer, or a dfscharge in the gas flow., It is
not difficult to establish the criteria under which thermal choking know-
ingly -begins in the system, For this, we make use of the conventional
relationships which describe the gas flow in a cylindric¢al channel with
heat input: e e
dT 1—pM: dQ aMz 14 pM? dQ

T ~1—M H » M~ 1—-M H %))

wvhere T is the temperature; y is the adiabatic constant: Q is the heat
supplied and H is enthalpy.
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Simple calculations make it possible to determine the relationship between
the heat input and the Mach number from (1):

2 Mi—1
Q1 m\ [ 1+ M} (M’—l 0 ) )
CpTu =—2.(1———M%)(l+?M, 1+?Ml + l+?Mg [ ( )

where Mg and Tg are the initial parameters of the flow; c, is the heat -
capacity for the case of constant pressure. We will note that in con- ‘
trast to the estimating relationships given in [3], expression (2) is -
precise. ;

Setting M = 1 in (2), we obtain the maximum amount of heat, which cor-
responds to critical heating:

Qu=coTo(Mo—Mz"),

(3) B
where
co=cp/2(y+1)=7cy/2(y+1).
Taking (3) into account, the criterion for the occurrence of thermal
choking is written in the form:
(caTo/Q) (Mo—Mg~1)2<1, (4)

i,e,, the choking situation is knowingly realized if the amount of heat
Q delivered to the flow exceeds the critical wvalue Q.

3. In this paper, attention is devoted to the fact that resonance inter-
action of laser radiation with the molecules of a gas flow which is heated
by a chemical reaction, can, under certain conditiens, have a substanital
influence on the gas dynamic picture as a whole. In particular, this
influence will act on the rate of change in the gas dynamic parameters
along the flow as well as on their absolute values; in a number of cases,
the radiation can remove the thermal choking effect, thus, the issue here

is one of the possibility of laser control of gas dynamic processes in
chemically active flows.

The analysis applies to the situation where the combustion reaction is

accompanied by the formation of vibrationally excited molecules (reaction

products). If the gas flow in which the vibrationally excited molecules

are produced interacts with resonance laser radiation, then a definite

portion of the amount of chemical energy will change into light energy

through the channel coupled to the excited vibrational mode. -

Radiation can be produced in a flow either by an external source (the
amplification mode), or stimulated in the most active medium by passing
this flow through a resonator (the generation mode), It is apparent that
in this situation, the laser radiation will play the part of a "refrigerator."

.
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In a number of cases, even when condition (4) has been met, the thermal

choking effect will mnot occur.

The necessary and sufficient condition

for the suppression of thermal choking in this situation s written in

the form:

Q(i—nx)<coTo(Mo—M oY%,

(5)

where nx is the efficiency of the conversion of the chemical energy to

coherent radiation energy.

Figure 1. Simplified schematic of a
CW ring model HF laser.

Key: 1. Cylindrical nozzle unit;
2,3. Resonator reflectors.
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Figure 2, The distribution of

Key: 1

-

the gas dynamic
parameters averaged
over the period of
the structure, in a
CW chemical HF laser
with a cylindrical
nozzle unit where

rQ =20 cmand Bye =
=15 (Ar = r-rg).

Without a resonator;
In the generation
mode,

Figure 3. Tllustration of the effect of thermal choking
suppression in” a supersonic flow by high power
laser radiation (rg = 15 cm and Bpe = 10).

Key:'l. Without a resonator;
2. In the generation mode.
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4. The clearest influence of a resonance laser field on the gas dynamic
picture of the flow should be manifest in the case of a chain reaction

- with a high energy yield for the case of the simultaneous radial expansion
of the supersonic flow. The fact is that in this situation, combination
action on the flow is accomplished by two factors Immediately: radiation
and geometric factors. Both factors permit the cooling of the gas flow,
so that the criterion for the suppression of the thermal choking becomes
less stringent as compared (5) [3].

By way of example, we shall conisder the supersonic flow of a working

gas in a ring model of an HF laser with a chain excitation mechanism [3, 4].
The latter consists of a large number of coaxial annular nozzles with
alternating jets of hydrogen and partially dissociated fluorine, diluted
with helium (Figure 1). In step with the radial outflow, the streams are
mixed, and in the mixing region, vibrationally excited HF (v) molecules

are formed, which occur in the course of the chain reaction:

H . —31,7«kxanIM6m..
E{ﬁ-}ll:i:fl-ll% ((lt’.v))-j-i- F:}i:g;, 8;—98 KKaJa/MOAb.

The radiation propogates parallel to the axils of the cylinder inside the
resonator, formed by ring shaped reflectors, and is of a tubular nature
(the generation mode is being considered),

The effects studied here were analyzed on the basis of two-dimensional
Navier-Stokes equations (in a boundary layer approximation), supplemented
with equations of chemical, vibrational and radiation kinetics (for more
details, see [3, 4]). The radius rq and the height L, of the eylindrical
nozzle unit was fixed in the calculations, as well as the ratio of the
heights of the elementary nozzles hj/hp, the half-period of the structure
of the nozzle block hy = (1/2)(hy + hz), the reflection coefficients of
the resonator reflectors rj and ry and also the original parameters of
the oxidizer and fuel flows: the velocity upj, the temperature Tyy, the
pressure pgi, the degree of dilution of the oxidizer flow by the helium
Bue = [Hel/([F2] + (1/2)[F]) (i = 1, 2; the subscript "1" applies to the
oxidizer flow and "2" applies to the fuel flow). The following were
adopted in a typical variant: Ly = 1 m, hi/hp = 2, hy = 0.25 cm, ry =

= 0,98, rp = 0.9, uyp = up = 2,5 km/sec, Ty = T2 = 150° K, p; = p2 = 15 mm
Hg; the original degree of disscciation of the fluorine was assumed to

be ap = [F]/(2[F,] + [F]) = 0.15.

Characteristic results of the calculations are shown in Figures 2 and 3.
Figure 2 illustrates the influence of the radiation field on the nature of
the distribution of the gas dynamic parameters along the flow in the mode
- where the thermal choking effect does not occur (there is rather great
dilution of the mixture with helium), however, the thermal effect in the
medium are still rather substantial. In this case, the radiation field,
in taking over a definite portion of the energy of the flow, by virtue of
reducing the gas temperature leads to a considerable drawing out of the
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developmental process of the chain reaction in the initial stage. A con-
sequence of this is the enormously smoother change in the gas dynamic
parameters in the presence of a radfatien field than in the case where a
resonator is absent,

The effect of thermal choking suppression in a supersonic flow by high
power laser radiation is clearly demonstrated in Figure 3. It can be
seen, that under the conditions considered here (weaker dilution of the
mixture with helium than in the preceding case}, in the absence of radi-
ation, choking of the flow (M + 1) occurs at a certain distance from the
surface of the nozzle unit. If in a similar situation, a resonator is
placed after the nozzle unit, then as the same caleulations show, the
choking can be removed in the generation mode by virtue of changing a
portion of the chemical energy to radiation field energy. We will note
that the fadiation densities necessary for this are rather high, something
which is due to the necessity of suppressing the channel for fast colli-
sfon deactivation of the HF molecules, and this is possible only at in-
tensities of I > Iy, Thus, in the case considered here, the saturation
intensity close to the choking section amounts to Iy = 10 KW/cmz, and in
this case, radiation intensities of I = 102 KW/cm? are developed in the
active medium of an HF laser.
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- NUCLEAR PHYSICS

UDC 538.121.8
INTERACTION OF A HIGH-INTENSITY RELATIVISTIC ELECTRON BEAM WITH MATTER

Moscow ATOMNAYA ENERGIYA in Russian Vol 47 No 5,1979 manuscript received
20 Nov 78 pp 328-332

[Article by A. N. Didenko, S. A. Chistyakov and A. P. Yalovets]

[Text] The results of numerical investigation of the
interaction of a high-intensity electron beam with matter
are presented. It is shown that energy transfer to the
target material by the electron beam, besides inelastic
collisions, is accomplished by means of conversion of
coulomb energy of fast electron interaction with the field
to thermal energy with resorption of the space charge
which creates this field. The investigation showed that
an increase of the incident current density with fixed
value of conductivity of the medium leads to redistribu-~

- tion of the energy lost in the matter and an attempt was
made to explain the effect of the abnormal energy absorp-
tion in thin oils during passage of a high-intensity
electron beam through them.

Experimental data on the interaction of high-intensity electron beams (SEP)
with matter, now published, indicate a difference of behavior in the SEP
matter and ordinary (nonintensive) beams in some cases. Thus, abnormally
high energy absorption in thin gold foil upon exposure of it to a powerful
relativistic electron flux is indicated in [1] and a decrease in the depth
of electron penetration into matter upon impingement of an SEP on it is
noted in [2].

It is obvious that the corresponding theoretical investigations are re-
- quired to understand the experimental results obtained and also for prac-
tical use of SEP. Because of the complexity of the problem of SEP inter-
action with matter, complete solution of it has not yet been possible.
The simplest is the problem of finding a fast electron flux in matter upon
impingement of an SEP on it. Solution of this problem permits one to find
the main principles of SEP behavior in matter. It is this approach that
is realized in this paper.
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The system of equations and solution of it. Let us write a system of
equations which describes the passage of an SEP through a layer of matter
with surface coordinates zgp and zl. The short dissipation time of the fast
electron energy in the condensed medium (T o & 10-12-10-11 g) permits one
to write steady-state equations since « ¢ is much less than the time
which characterizes variation of the parameters of the beam impinging on
the matter (variation of the current and energy of the SEP occurs during
units and tens of nanoseconds). Moreover, a low value of € e also permits
ocne to disregard variation of the state of matter related to the effect of
the SEP on it. Hence, it follows that as a whole the nonstationary prob-
- lem of SEP passage through the matter can be solved by sequential solution
of steady-state problems at small time intervals. The case of one-dimen-
sional configuration is considered, which is valid for beams whose trans-
verse dimensions exceed the electron travel time in the matter.

When an SEP passes through matter, the relativistic beams, besides elastic
and inelastic collisions with the atoms of the matter, interact with the
- electric field E, which in the general case is created by the space charge
of the beam itself, the electrons and ions formed as a result of ioniza-
tion of the medium and by thermalized electrons. In the steady-state case,
- the space charge of the beam is neutralized within time of approximately
- 4] 'l, where G 1is the conductivity of the medium, while the space charge
created by the electron-ion pairs can be set equal to zero since secondary
electrons are generated mainly with low energy and are thermalized near
the point of their generation. Therefore, an electric field is created in
the conducting medium by the space charge which is formed due to thermal-
ization of fast electrons and is a source of conduction current.

Assuming that conduction of the medium in this case is such that resorption
of the space charge occurs mainly due to conduction current, from the con-
tinuity equation for a charge, one can find an equation for the field
which in one-dimensional configuration has the form

d(oE)/dz = eN (z), (1)

where e is the electron charge and N(z) is the rate of fast electron
thermalization in plane z.

! Since the field has a single component E {0, 0, E(z)} in the considered
configuration, the kinetic equation for the differential flux y/(z, u, T)
has the form [3]

= LW1.EFW~VS(H,T)5@--%% (2)
_ where L is the translation operator which takes into account elastic and
- inelastic scattering processes, F = w!uf% 447L_ﬁ(1_*,ﬁﬂ is velocity,
¢ 0
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p is the pulse, T is the kinetic electron energy, u = cos 8, 8 is the
angle between the electron pulse vector and axis Oz and S is a function
of the fast electron source.

To close the system of equations (1) and (2), one must know the law which
describes the dependence cof conductivity on the radiation field:

(i‘—’(l]‘]rl_ (3)

which takes into account the variation of the state of the medium due to

B the effect of the SEP. Since this law is not known in the general case, we
shall assume that the conductivity of the medium is determined
experimentally.

The following modification of higher-order perturbation theory was used
- to solve the system of equations (1) and (2) with known conductivity G (z).
Let the perturbation operator have the form

\7 I, @)
e SY e

Then, having represented and r fﬂlﬁ so that Ej is

Lo om0 .
found from equation (1) by N{(J), which is in turn calculated by LP(J), we
find the following formulas for calculating the terms of the series ¢/(j)
from equations of perturbation theory:

e (;(‘)(2}(1]nox‘ ey

(5)

where

Oh =P (B N B e
i AR (6)
A- By Yo

Kt

T is a nonperturbed Green operator and E,, is the electric field created by
the potential difference applied to the matter.

. The explicit form of Eyp(z) and Ej(z) can be found from solution of equa-
tion (1) with boundary conditions for potentials (f(zo) = (o and
@ (zy) = ¢ o1:
P (2) = = (ipy - )i (2) 2 (2); (7)
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Lyz) -~ - ";'(",j)' ,—f; (2) - Q'% ) { d=f Mo () ],
SN (8)

where
E (Z) - g([:'-/q (Z’)',’ f] (7) = ( "-’2’;,\”[‘ (3’)/ih; f_\ o=
. . :“ ;“
= ]y, Jo

is the particle current density.

It follows from formula (5) that the problem of SEP passage through the
matter reduced to solution of J (J is the number of terms of the series
of perturbations) of nonperturbed transfer problems. The nonperturbed
problem of electron transfer through the matter was solved by the multi-
step method in the continuous trajectory model which is described in [4].

Higher-order order perturbation theory was successfully applied in [5] to
solution of the fast electron transfer problem in a dielectric with ex-
ternal electric field. The characteristics of realizing the method of
perturbations were also described and the problem of convergence of the
solution is also investigated in the same source.

Results of calculations and discussion. The most important in the problem
of SEP interaction with matter is that of energy losses by the electron
beam during electron passage through the matter. This problem occurs when
- solving problems on creation and heating of a plasma with high density by
an electron beam in experiments on thermonuclear fusion, during development
of detectors for SEP, during use of SEP for purposes of radiation technol-
ogy and so on. Therefore, this paper is devoted mainly to calculation and
analysis of the distributions of fast electron energy losses within matter
as a function of the thickness of the layer of matter and the atomic number
of the element. The lost energy distribution in inelastic fast electron
collisions with atoms of the medium with regard to a single impinging
electron was calculated by the formula

’ ‘[VH

Dy(z)- i’() ( Q f dIRYW (2,00, T,

i i,

(9)

where B(T) is the specific fast electron energy losses having energy T,

Tm is the upper bound of the fast electron spectrum and T, is the threshold
energy below which the electrons were regarded as thermalized. The value
of Tp was usually taken as equal to several percent of the initial electron
energy in the calculations.
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Distribution of Energy Lost in Inelastic Collisions by
Electrons with Initial Energy of 1 MeV in Carbon (a, b
and c) and copper (d, e and f) with different thickness
of the matter Az as a Function of Ea//m [ (MV.cm?) /g}
(----- Ep=0): a= Az/Rg = 1; Ep/Pr = 1.0 (1);
2.0 (2); 2.5 (3) and 3.0 (4); b--Az/R = 0.5; Ea/p [, =
10.0 (1); 20.0 (2); 22.5 (3) and 25 (4); c-- Az =
0.3; Ep/f? n = 250.0 (1); d-- Az/R=1; Bp/pp =
= 3.0 (1); 5.0 (2) and 7.0 (3); e-- Az/Rgp = 0.5;
EAg) m = 10.0 (1); 13.0 (2) and 15.0 (3); f-- Az/R =
= 0.3; EA/Pm= 30.0 (1); 40.0 (2) and 50.0 (3)

Ty« 1 RS Wy - W

01py

2l {z) is the total energy loss of the particle
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in inelastic collisions, W is the energy loss of the particle to coulomb
interaction and Wi, is the energy carried away from the medium by the
reflected particles and radiation.

Ay

Figure 2. Thermalized Electron Distribution at Half-Depth of
Matter (the notations are the same as in Figure 1)

In the steady-state case, the electric field enerqgy created by thermalized
electrons is used to create current 36 = GE. The work of charge dis~-
placement, according to Joule-Lentz law, is used to heat the matter.
Calculated for a single impinging electron, this work is determined by

the formula

- u"" :::I_—lu- 3“ dzoL? (Z) S " (

7,

(11)
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Calculations showed that 20 percent initial energy is achieved at
D 2/Ry = 1 Wy for EA/Pm = 3 (MV-cm?)/2 in matter with 2z = 6 and will
obviously increase with an increase of Ep/fp.

Thus, analyzing the process of SEP interaction with matter, one can con-
- clude the existence of two mechanisms of heating the matter by a charged
_ particle beam: transfer of energy to the matter due to inelastic fast
electron scattering processes on the atoms of the matter and conversion of
the energy of fast electron interaction with the electric field to thermal
energy with resorption of the space charge creating this field.

Based on the results presented in Fiqures 1, a and d and 2, a and 4, we
reach conclusions with respect to the role of the scattering properties of
the medium in formation of distributions D and N. Since the elastic elec-
tron scattering cross~section is approximately 22 (2 is the atomic number),
a considerable part of the electrons passes through the minimum potential

- during their propagation through matter with low atomic number and enters

’ the region of an accelerating field. Therefore, all the distributions for
matter with Z = 6 have "tails," formed by these electrons. The large
elastic scattering cross-section in heavy matter makes the potential hole
"impassable" for almost all particles.

A situation similar to that considered is also observed for thinner tar-

gets (see Figure 1, b and ¢ and Figure 2, b and c). As follows from these

figures, higher values of Ep are required for significant deformation of

distributions than for a semi-~infinite medium. This is explained by the

fact that only part of the electrons is thermalized in a barrier of finite

_ thickness and the fraction of particles thermalized in the barrier is de-
termined mainly by the scattering properties of the medium.

Thus, approximately three percent of all particles are thermalized in a
layer of matter with Z = 6 having thickness of 0.3 Rg and more than 20
percent are thermalized in the same layer at Z = 29. This means that con-
siderably greater densities of the impinging beam are required in a layer
of matter with small value of Z than in one with large value of 2 for

- complete stopping of the beam. It is obvious from Figure 1, c and Figure
2, ¢ that even at EA/j)m = 250 (MV-cmz)/g, the distribution deformation is
insignificant while the maximum depth of the potential hole comprised
apprcximately 0.2 MeV (see Figure 3, c). Formation of a potential hole for
heavy matter leads to stopping of the beam in the layer and all the beam
energy is released in the volume of the layer. It is obvious from Figure 1,
f that energy exceeding almost twofold that which is released during pas-
sage of a low-intensity beam is released in the target. This effect may
apparently be increased significantly by selecting thinner layers of heav-
ier elements.

; Thus, the investigations permit one to explain the phenomena of abnormal
enerqgy absorption in thin oils, observed in the experiments [1], and to
reduce the depth of electron penetration into the matter [2]. The reason
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Figure 3. Potential Distribution Through Depth of Matter (the
notations in a, b, d and e are the same as in Figure
1): c-- Az/Rg = 0.3; Ep/Pp = 100.0 (1); 150.0 (2);
200.0 (3) and 250.0 (4); £-- Dz/Rg = 0.3; Ea/pp =
= 10.0 (1); 20.0 (2); 30.0 (3); 40.0 (4) and 50.0 (5)

for the occurrence of these effects is the effect of the coulomb field
whose source is the space charge created by thermalized electrons due to
the poor conductivity of the plasma formed due to the effect of the SEP
during explosion of the target on fast electron transfer. The plane con-
figuration considered here does not permit one to take into account the
effect of the magnetic field of the SEP on passage of electrons in matter.
However, the insignificance of the effect of the magnetic field within the
target matter was pointed out in [8], which can indirectly be regarded as
confirmation of the correctness of the approach formulated above.

‘The authors express thanks to O. B. Yevdokimov, A. M. Kol'chuzhkin and
A. V. Lappe for useful discussions.
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NUCLEAR PHYSICS

upc 539.1

LENINGRAD INSTITUTE OF NUCLEAR PHYSICS IMENI B.P. KONSTANTINOV TRENDS AND
DEVELOPMENT PROSPECTS DISCUSSED

Moscow VESTNIK AKADEMII NAUK SSSR in Russian No 7, 1979 pp 3-11

[Article: '"Regarding the Operations and Development Prospects of the USSR
Academy of Sciences Leningrad Institute of Nuclear Physics imeni B.P. Kon-
stantinov"]

[Text] The USSR -Academy of Sciences Leningrad Institute of Nuclear Physics
(LIYaF) imeni B.P. Konstantinov was created in 1971 on the basis of a
branch of the FTI [Physicotechnical Institute] imeni A.F. Ioffe in Gatchina.

Now working at the institute are more than 2000 people. Included in the
institute's structure are four large laboratories: high-energy physics,
neutron research, molecular and radiation biophysics, and theoretical phy-
sics--as well as a number of institutewide scientific and techmical divi-
sions.

In operation at the institute are very large units, such as a beam-type re-
search reactor of the VVRM [water-moderated, water-cooled magnetic reactor]
type with a thermal capacity of 16 MW and a maximum neutron flux of 3.101%
1/em?+s, an accelerator--a proton synchrocyclotron with a power of 1 GeV
and a current in the extracted beam of up to 1 pA, an electron synchrotron
with a maximum energy of 100 meV, and a neutron generator. In existence
here is an advanced computer system which in addition to the ordinary com-
- puting functions performs the functions of controlling, gathering and pro-
cessing data.

The Presidium of the USSR Academy of Sciences has discussed the key trends

and development prospects of the Leningrad Institute of Nuclear Physics.

A report was given by the director of the institute, USSR Academy of Sci-
- ences Corresponding Member O0.I. Sumbayev.

0.I. Sumbayev's Report

The key scientific trends undergoing development at LIYaF are fhe physics
of elementary particles and of their Interactions, nuclear physics, solid
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state physics, and molecular and radiation biophysics. 1In addition, under
- way at the insritute are applied research and development on detectors of
nuclear radiation, as well as in the area of radio electronics, physics,
and the engineering of research reactors and accelerators.

The most well-known series of studies at LIYaF, performed under the guid-
ance of USSR Academy of Sciences Corresponding Member V.M, Lobashev and
awarded (together with Yu.V. Abov's group at the Institute of Theoretical
and Experimental Physics) the Lenin Prize in 1974, has been devoted to an
investigation of the nonconservation of space parity in nuclear forces.
As the result of research based on the new so-called integrated procedure
for experimentation, there has been definitely proven a fundamentally im-
portant faint interaction between nucleons in a nucleus, confirming the
theory of the universality of faint interactions. The results of studies
by V.M. Lobashev's group in subsequent years have received both qualitative
- and quantitative confirmation in other laboratories (table).

Table. Effect of Nonconservation of Space Parity in Nuclear Forces
1) JucuepuMenTaNnbULL | Cpejuice spatene
apo 2y stierr 3) Avroms 5 cqpieron noene:
nbprdty | Py=—(1,30£045)-10-¢ | JloBames m np.  6)| 1972 -
“K Py=+(1,9%£0,3)-10-3 JloGames 1 ap. 1969 -
73As Py=—(6,02,0)-10-3 Vanderleeden a. o. 1972 -
1iCd =~ (6,01,5) -10—* Alberi a. o. 1972 -
‘15Lu Py=+(4,5%1,0)-10~% Jlo6ames = ap. 1967 | +(5,5+0,5) -10-3
180} f Py=-(2,8£0,45) -10—3 Jenscke and Bock 1970 -
181Ta Py=~(6,0+1,0)-10-¢ JloGameB u Ap. 1967 | —(5,2+0,5)-10-¢
1icd Ay=—(3,7%0,9) -10-¢ A6or m np. 7) 1965 -
1178y Ay=+(8,1£1,3)-10-* Hanmase 1 ap. 8) 1976 - -
Key:
1. Nucleus 5. Mean value taking into account
2. Experimental Effect subsequent studies
- 3. Authors 6. Lobashev et al.
4, Year . Abov et al,

7
8. Danilyan et al.

Another important study by this same group involves measuring the electric
dipole moment of a neutron. In recent years in the largest laboratories
in the world attempts have been made to detect this moment, since its ex-
B istence is possible only with the nonconservation of so-called combined,
or time, parity. The unified theory of faint and electromagnetic inter-
action of Vaynberg-Salam, which is quite popular today, postulates the
existence of a neutron dipole moment in the range of (1 to 10)-10_25 escm.
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The most accurate experimental upper limit of the moment, arrived at in

1977 in the best research reactor in the world at the Laue-Langevin In-

stitute in Grenoble equals < 30+10725 in the same units with a degree of
3 certainty of 90 percent. Thus, the severalfold improvement in accuracy
in these experiments has been of fundamental importance.

At LIYaF for the first time has been implemented a method employing so-
- called ultracold neutrons, which has made possible in research on the di-
pole moment of neutrons a considerably lower level of systematic errors
and has opened the way to a further improvement in accuracy. (The limit
reached as of today equals < 15-10725,)

In the high-energy physics laboratory has been suggested and implemented a
new precise method of measuring the small-angle scattering cross sections
of elementary particles by means of a special ionization chamber. The uni-
versality of this method has made it possible to carry the experiment over
to the pion beams of the Serpukhov accelerator, the largest in the USSR,
and then to the beams of the largest proton accelerator in Europe at CERN
[European Council for Nuclear Research].

The question of variations in the full scattering cross sections of parti-
cles of extremely high energy is one of the most important in high-energy
physics. The preliminary results of research conducted at the institute
indicate that the total cross sections in the energy region of up to a few
thousand GeV/s evidently increase at the maximum permissible rate. In

1979 an experiment will be continued at CERN in the region of approximately
doubled energies.

In the high-energy physics laboratory, employing a unit with high resolu-

- tion, a series of studies has been conducted for the purpose of studying
the distribution of neutrons in the nucleus and, consequently, nuclear
matter. Systematic measurements have been made on a score of nuclei from
helium to lead. Apparently in these studies has been gained the most re-
liable information on the distribution of matter in nuclei.

Then the writer of the report dwelled on a scientific trend specific to
LIYaF--precision crystal diffraction x-ray and gamma spectroscopy.

As early as by the beginning of the 60's ways had been found of improving
the transmission and precision of instruments of certain types for this
area of research. Later a new procedure made it possible to discover in-
teresting effects, such as the so-called chemical (caused by the structure
and filling in of valence shells of an atom) shift in fundamental x-ray
lines in relatively heavy elements; the isotropic (caused by the distribu-
tion of the electric charge in nuclei) shift; and the broadening of x-ray
lines, associated with so-called hyperfine interaction--interaction between
nuclear spin and a K electron. The first two effects have become the basis
for new experimental methods of investigating structure--studying crystal
chemical bonds and charge distributions in nuclei. These methods have won

43

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200050038-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200050038-3

FOR OFFTCTAL USE ONLY

recognition in a number of leading laboratories of the world. Recently

at CERN and LIYaF were discovered two new varleties of the x-ray effects
caused by hyperfine interaction: high (up to 1 eV) energy shifts of x-ray
K lines, excited in the disintegration of radioactive nuclei after K cap-
ture and internal conversion, respectively. Both new effects are inter-
esting in terms of possibilities for applying them for the purpose of mea-
suring the magnetic moments of excited states of nuclei.

Then the speaker spoke of the application of a diffraction spectrometer
deveioped at LIYaF for the purpose of investigating x-radiation from the
capture of pions by nuclei. The distinctive feature of this method con-
sists in the fact that the target in which mesons are generated is com-
bined with the source in which they are captured, emitting x-radiation.
The value of the mass of a pion precisely defined by this method has made
it possible to refine (reduce) the value of the limit of the mass of a
u-meson neutrino.

Figure 1. Unit for Measuring Electric Dipole Moment of a Neutron,
Utilizing Ultracold Neutrons: 1--dual chamber detector;
2--double neutron guide; 3--polarization analyzer; 4--
coils creating magnetic field gradient; 5--demagnetizing
coils; 6--coils creating permanent magnetic field in
[Figure and caption continuation and key on following page]
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chambers for storing neutrons; 7--chambers for storing neutrons;
8--ferroprobe sensor of system for stabilizing external magnetic
field; 9~-vacuum chamber; 10--magnetic shields; 1ll--cryopipe-
lines; 12--input solenoid for variable magnetic field; 13--
polarizer; l4--neutron guide; 15--lead shield; 16--fuel ele-
ments of reactor

Key:
1. 180 kv

Figure 1. [Continued]

The possibility has also arisen of determining precisely defined values of
the amplitude of strong interaction between a pion and nucleons of a nucle-
us, which are important for solving the question of the existence in nu-
clei of Migdal's pion condensate.

The precise method makes it possible to investigate also short-living
particles. Estimates have demonstrated that it is already totally realis-
tic to register x-ray lines from I, = or even  hyperons, by precisely de-
fining not only values of masses, but also of magnetic moments and spins
themselves. It is planned to carry out this research in Serpukhov.
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Figure 2. Data on the Dependence of the Forward mp-Scattering Cross

Section on the Momentum of Mesons, Obtained in LIYaF Ex-
periments Conducted at CERN: black dots--LIYaF-CERN (1978);
semishaded dots--LIYaF-IFVE [Institute of High-Energy

_ Physics]-0I1Yal [Joint Institute of Nuclear Research] (1978);
squares--Batavia (1975); diamonds and white dots--IFVE
(1976); X's--Brookhaven (1967); dotted line--Holger, dis-
persion relations (1977)

Key:
1. Real half 2. Momentum, GeV/s

A great portion of the work on solid state physics is concentrated in an
individual section of the neutron research laboratory, intimately allied
with a section of the theoretical physics laboratory. Research is being
conducted basically by means of polarized neutrons, i.e., magnetic pheno-
mena are being studied primarily. 1In recent years considerable attention
has been devoted to studying so-called critical phenomena near points of
magnetic phase transitions of the second kind--in connection with verifi-
cation of the conclusions of the well-known scaling theory, or the simili-
tude hypothesis. Conducive to the success of this trend has been a new

- procedure--the so-called vector analysis of polarizations, whose idea con-
sists in the fact that if for an individual neutron it is possible to
measure simultaneously only one spin projection, then for a neutron beam
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it is possible to measure all three projections, i.e., to determine the
polarization vector of the beam before and after scattering. The practical
implementation of this method has considerably expanded the informativeness
of experiments on scattering, having made it possible to solve a number of
- qualitatively new problems.

Among work done at the molecular and radiation biophysics laboratory, the
speaker singled out the following trends. In the investigation of radical
reactions--such as primary reactions arising under the effect of radiation
on biological systems, both of free radicals and of radicals activated un-
der the effect of enzymes of states—-a method has been suggested for the
detection of electron paramagnetic resonance from rotation of the plane of
polarization of SHF oscillations. This method has made it possible to in-
crease sensitivity by two orders of magnitude. Later on its basis was de-
veloped a modulusless method of recording EPR signals making it possible
with a very high degree of accuracy (of up to 10 3) to record the form of
absorption and dispersion lines without a loss of sensitivity.

It has become possible to study enzymatic reactions directly in an aqueous
solution, in spite of high dielectric losses. As a result it has been
possible for the first time to demonstrate the formation of free radicals
as intermediate stages of two oxidative enzymatic reactions catalyzed by
oxidases.

This work has opened up a new trend in the study of biochemical processes.

A second fundamentally important study by the molecular and radiation bio-
physics laboratory concerns protein biosynthesis. It is known that protein
biosynthesis takes place in a special particle--a ribosome--which has two

= working positions. In one of them is sorbed the incomplete protein chain,
and in the other the next amino acid, i.e., the next link in the chain.
Both reacting molecules form chemical compounds with the transport RNA--
a low polymer bearing amino acids and making possible their proper selec-
tion. The most interesting stage of synthesis is translocation, i.e.,
the transition of the tramsport RNA with a growing chain from one position
to another after completion of the next addition step.

As the result of investigations of the thermodynamics of the binding of
transport RNA in both positions in the ribosome, it was revealed that
transport RNA exists in the form of two isomers of quite different con-
figurations. Just the changing of one isomer into another, because of the
loss of a magnesium ion, so alters the molecule that it tends to cross from
the first position over into the second. This study has evoked great in-

- terest in the USSR and abroad.

0f great practical importance has been the laboratory's work on the puri-
fication of viruses by the chromatography method for the purpose of pro-
ducing influenza and tick-borne encephalitis vaccines. This new original
technology has been patented in all developed industrialized countries
and is now being introduced in our country on a large scale.
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= Another task of the molecular and radiation biophysics laboratory which is
of an applicd nature relates to environmental protection and the monitoring
of production hazards. It 1is known that much waste of the clhiemical indus-
try contains carcinogenic substaunces. It is necessary to equip sanitary
and epidemiologic stations with express methiods of analyzing for potential
carcinogens.

In the laboratory has been proposed a method for testing for mutagenesis
- special strains of yeasts. These organisms contain cytochrome P450 and
therefore are able to activate carcinogenic products similarly to how this
takes place in the human body. In addition, an individual yeast strain
quickly mutates and thereby changes color, which makes it possible to cre-
ate a simple method of testing potentially toxic products. This method is
now passing tests within the framework of an international agreement.

The theoretical physics laboratory participates in many experimental stud-
ies by LIYaF. The ideological influence of theoreticians has been certain,
on the development of research on small-angle scattering, in formulation

of the experiment relating to the revelation of the asymptotic behavior of

full cross sections. Associates of the laboratory have taken part in cal-

culations of Glauber scattering of protons in nuclei and have made calcu-
lations in the investigation of chemical shifts of x-ray lines. The exper-
imental and theoretical solid state physics sections work in close contact.

But, of course, the theoretical physics laboratory is primarily occupied

with its own problems. The most important results arrived at by the in-

stitute's theoreticians have been the creation of a phenomenological the-

- ory of processes of the interaction of non-leptons at superhigh energies;
investigation of the intensely inelastic processes of the interaction of
leptons with non-leptons within the framework of the quantum field theory;
the development of a new method of investigating high orders of the per-
turbation theory of the quantum field theory; and the discovery of funda-
mental ambiguities in quantization of non-Abelian calibration theories out-
side the framework of the perturbation theory.

Of decisive importance for the overwhelming majority of investigations
carried out at the institute, the speaker emphasized, are the parameters of
the key units at LIYaF.

The accelerator--a 1 GeV proton synchrocyclotron--the largest accelerator
of its class in the world--has become obsolete in connection with the
appearance of accelerators of a new generation with stable focusing. The
job was undertaken of studying the latent capabilities of the unit and
after some modernization its parameters were considerably improved.

Below are given the key parameters of the secondary beams which the accele-
- rator today has at its disposal.

Parameters of meson beams: 7 mesons (W= 300 to 600 MeV)——lO6 particles/s;

7 mesons (W = 300 to 600 Mey)--3+10% particles/s; u~ mesons (P = 120
MeV/s)--6+10" particles/s; u  mesons (P = 120 MeV/s)--2:105 particles/s.

48
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200050038-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200050038-3

FOR OFFICIAL USE ONLY

Parameters of neutron beams: n (W = 400 to 900 MeV)—-lO6 particles/s;

n . (W=1eV tolMeV)--10" particles/cmz-s, length of pulse—-
71?8 gBu%ge}"Gneiss").

Polarized protons: P (W = 990 MeV, 33 percent)——lO7 particles/s.

Medical channel: P (W= 16GeV, D=3 to 5 mm)——lO9 particles/s (15 to 18
Trad in approximately 15 min).

The VVRM reactor has been used at LIYaF since 1959. As the result of sub-
sequent modernization its capacity has grown from 10 to 16 MW, the number
of horizontal channels has been increased and an above-reactor hot cave has
been created, which has enabled the unique opportunity of carrying out com-
plicated experiments directly in the active zone. Able to serve as an ex-
ample is the experiment on determining the dipole moment of a neutron,
about which was spoken above. Now a project has been developed for tho-
rough modernization of the reactor with a simultaneous increase in its ca-
pacity to 30 MW. The implementation of this project will make it possible
to extend the unit's life another 20 years.

The future of nuclear physics research involves completion of the construc-
tion of the new modern PIK research beam reactor with a laboratory complex.
The reactor will have a thermal capacity of 100 MW and a maximum thermal
neutron flux of 4:1015 neutrons/cm?+s. The reactor must be equipped with
sources of cold and hot neutroms, as well as an advanced system of neutron
guides which deliver hot and cold neutrons to a separate room where provi-
sion has been made for the additional location of about 20 experimental
units under low-noise conditions. In the main experimentation room provi-
sion has been made for reducing the vibration level, which is necessary for
the formulation of precise experiments.

Conditions have been provided for utilization of the reactor by other in-
stitutes; therefore the startup of the PIK complex can enable a qualita-
tively new level of individual research over the entire country.

Being an academic institute, LIYaF regards its main objective as the devel-
opment of fundamental research. But much attention is devoted also to work
of an applied nature. The applied work done by the biological laboratory
has already been mentioned. Of work along the medical and biological line
the speaker named also the successful utilization of a proton beam specially
formed at LIYaF in the clinic, added onto the accelerator building, of the
USSR Ministry of Health Leningrad Roentgen Radiology Institute--for cancer
therapy, and the production at the institute of a number of pharmacological
preparations tagged with iodine. Part of the applied research involves the
development of radiation detectors and the automation of measurements and
data processing, in particular, the creation of an original system with a
holographic memory, designed for recording and retrieving patent informa-
tion. In addition to the projects for the PIK and VVRM reactors, with the
participation of LIYaF projects have been developed for modernizing
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reactors of the same type in a number of CEMA member countries, and work
is successfully under way on creating improved fuel elements for research
reactors of several types.

Figure 3. Model of PIK Complex: l--reactor and main experimentation
= room; 2 and 3--technological buildings; 4--administration
building and sanitary and decontamination centers; 5--
physics building (computer and laboratory areas for physi-
cists); 6--neutron guide building (in basement, technolo-
gical laboratories for attending to experiments); 7--cryo-
genic building (equipment of cold neutron source and detri-
tization unit); 8~-ventilation center., The buildings are
connected by a heated circular tunnel for walking.
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There are reasons to believe, said the speaker in his conclusion, that in
the seven years which have passed since its formation LIYaF has become one
of the leading institutes of the USSR Academy of Sciences.

Discussion of Report

Academician M.A. Markov discussed in detail the achievements of the recent-

- ly created Leningrad Institute of Nuclear Physics imeni B.P. Konstantinov,
which in a brief time has won international scientific authority. An ana-
lysis of the institute’s operations has demonstrated that in all the trends
being developed by it new procedures have been developed and employed,

- which have made it possible to achieve effective results even with units
inferior in their parameters to the best foreign ones. TFor example, in
measuring the dipole moment of a neutron, because of a clever procedure
with LIYaF's reactor was achieved a result more accurate than with the
most perfect reactor in the world in Grenoble. The new so-called integra-
ted procedure has been used also in investigations of faint interactions.

In the institute was suggested and implemented a new method for measuring
the small-angle scattering cross sections of elementary particles, which
has made it possible to arrive at results greatly superior in accuracy to
similar data from employing different foreign units. The same applies to
studies in the field of solid state physics and biology.

M.A. Markov noted that the institute's future depends to a great deal on

implementation of the project for the high-capacity PIK reactor and

stressed the need to render assistance to the institute in highly rapid

construction of the reactor and in modernizing the accelerator in exist-
- ence there.

USSR Academy of Sciences Corresponding Member B.S. Dzhelepov proposed a
number of organizational measures for the purpose of coordinating the sci-
entific institutions of Leningrad working on nuclear physics.

USSR Academy of Sciences President Academician A.P. Aleksandrov spoke in
conclusion. He noted the outstanding achievements of LIYaF in the field

of nuclear physics and solid state physics. In some of the fundamental re-
search conducted by the institute the best results in the world were a-
chieved. A.P. Aleksandrov suggested to the USSR Academy of Sciences Pre-
sidium that special consideration be given to the question of further de-
velopment of the institute and that a decision be made regarding the capi-
tal investment required for the purpose of creating the PIK reactor,

Decree

The Presidium of the USSR Academy of Sciences has approved the operations
- of the USSR Academy of Sciences Leningrad Institute of Nuclear Physics
_ imeni B.P. Konstantinoyv relating to the development of fundamental re-

search in the field of nuclear physics and the physics of elementatry
particles, theoretical physics, solid state physics and molecular and
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- radiation biophysics, as well as to the solution of national economic prob-
= lems. Note has been made of the initiative and important achievements of
the USSR Academy of Sciences LIYaF in the development and erection of the
unique PIK high-flux research nuclear reactor, as well as in the moderniza-
tion of the 1 GeV synchrocyclotron.

USSR Academy of Sciences Vice President for Capital Construction V.P.
Isayev and the management of the USSR Academy of Sciences LIYaF have been
entrusted with taking the necessary measures for the very rapid entry of
the PIK reactor into effective service (making sure, in particular, of the
start of the construction of laboratory buildings by not later than 1981),
as well with beginning in the 1lth Five-Year Plan period work relating to
mastery of the synchrocyclotron's high intensity.

_ The Presidium of the USSR Academy of Sciences has found advisable the fur-
ther development at the USSR Academy of Sciences LIYaF of work relatinyg to
the automation of measurements, and in particular the spe=2ding up of the
creation of the experimental production of electronic equipment up to the
KAMAK [expansion unknown] standard.

COPYRIGHT: Izdatel'stvo Nauka, VESTNIK AKADEMII NAUK SSSR, 1979

[53-8831]
) CSO: 1862
8831
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OPTICS AND SPECTROSCOPY

UDC 535.6:681.7.013.84
THE COLOR AND VISUAL CONTRAST OF AN IMAGE ON THERMOCHROMIC MATERIAL FTIROS

Leningrad ZHURNAL TEKHNICHESKOY FIZIKI in Russian Vol 49 No 5, 1979
manuscript received 6 Oct 78 pp 1008-1012

[Article by B. P. Zakharchenya, Ye. I. Terukov, F. A, Chudnovskiy and Z. I.
Shteyngol'ts, Physicotechnical Institute imeni A. F. Ioffe of the USSR
Academy of Sciences, Leningrad]

[Text] The results of investigating the optical charac-
teristics of thermochromic material FTIROS based on van-
adium oxides are presented. Data on the visual contrast
of an image are given as a function of the optical thick-
ness of the vanadium oxide layer and of the material of
the reflecting sublayer and the angular dependence of the
brightness coefficient is also investigated.

The new thermochromic material FTIROS based on vanadium oxides, suitable
for recording, storage and display of optical information, was proposed

in [1]. The basis of operation of the material is the phenomeno of metal-
dielectric phase transition of first kind observed in vanadium oxides [2].
FTIROS material is a parametric interference wideband light filter which
reflects light. The initial color of FTIROS when it is illuminated by
white light is determined by the spectral dependence of the reflection co-
efficient in the visible region of the spectrum, which is mainly determined
by the optical thickness of the vanadium oxide layer and by the design
formulation of the material.

When FTIROS is heated to approximately 65°C, the metal-dielectric phase
transition, accompanied by sharp variation of the complex refractive index,
occurs in the right-modulating vanadium oxide layer. This causes redistri-
bution of the function of the spectral reflection coefficient in the vis-
ible region of the spectrum and leads to variation of the initial color of
the material.

The use of FTIROS for passive display panels [3], color indicator boards,

displays and so on raises the question of the color characteristics and
visual contrast of an image on this material.
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An objective method for calculating the color contrast of an image on
FTIROS was proposed (by analogy with the brightness contrast for black-
white images) in [4]. It was shown in the paper that the color and visual
contrast of an image on the given material varies over a wide range as a
function of the thickness of the vanadium oxide layer and this circum-~
stance should be taken into account in its practical application.

The dependence of the color characteristics and visual contrast of an
image on thermochromic material FTIROS on the thickness of the vanadium
oxide layer was investigated in this paper and these parameters were opti-
mized for visual readout of information.

1. The Experimental Installation and Method of Measurements

The method of calculating contrast, proposed in [4], despite objectivity,
is related to a large volume of calculations. We used the following method
of measurements to simplify determination of visual contrast and also to
investigate the angular dependence of the brightness coefficient of FTTROS
material.

A diagram of the experimental installation is shown in Figure 1. FTIROS
was placed on a heater, which, when switched on, caused the metal-dielec-
- tric phase transition which leads to variation of the color of the mater-
- ial. The specimen was illuminated at an angle of approximately 90° to the
surface of the material of the lighting lamp with known color temperature
and the current through the lamp was monitored constantly during measure-
ments. The lighting radiation was passed through a condensing lens, milk
glass and correcting light filters, which produced uniform illumination in
the plane of the specimen with spectral composition close to a source of
type C (T = 6,500K), which simulates natural lighting. The microscope was
focused on the thermochromic material and in this case a section of FTIROS
7 mm in diameter fell into the visual field. The use of a microscope-
autocollimator permitted an estimate of the initial angular position of
the specimen surface with respect to the axis of the installation. The
- light reflected by the material entered the optical system of the micro-
scope on a photomultiplier, in front of which light filters were installed,
which guide the curve of spectral sensitivity of the FEU to the curve of
visibility of the eye. The integral correction error of the spectral
characteristic of the FEU in the visible region of the spectrum was approx-
- imately 1 percent. The output signal of the FEU was recorded by a digital
voltmeter.

Thus, the installation was a photometer-brightness meter which measures

the average light intensity reflected from the section of FTIROS at angle

d/f, where d is the diameter of the microscope objective and f is its focal

- distance. The long focal distance of the microscope objective made it
possible to incline it by angle 9 = + 60° from the optical axis of the
installation, while the table with the specimen had the capability of ro-
tating around the axis of the installation. Because of this, it was
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Figure 1. 1Installation for Investigation of the Contrast and Angular
Dependence of Image Brightness Coefficient on FTIROS
Material: 1--heater; 2--FTIROS specimen; 3--microscope-
autocollimator; 4--correcting filters of FEU; 5--FEU-55;
6--VK2-20 digital voltmeter; 7--illuminator with condens-
ing lens; 8--MS-13 milk glass; 9-~filters which correct
the lighting source

possible to take the angular dependence of the brightness coefficient of
FTIROS material both on the direction f and on the azimuth ¢ of observa-
tion. The brightness coefficient of the tested section of FTIROS was
determined as /5 = N/Np, where N is the reading of the voltmeter during
reflection from the FTIROS and Ngo is the reading of the voltmeter during
reflection from a plate coated with a layer of MgO with known reflection
coefficient /J = 0.98.

Visual contrast was determined by the expression Ky = (N1 ~ N2)/N1, where
N1 is the voltmeter reading during reflection from the FTIROS to phase
transition and N2 is that after phase transition.

The angular dependence of the brightness coefficient was taken in the
range of observation angles of + 60° with spacing of 5° and the variation
of the area of the monitored section, proportional to cos § , was taken
into account. The sensitivity of the installation was 5 percent of the

- value of the measured brightness.

2. Results of Measurements and Discussion of Them
Investigation of color characteristics. Specimens of FTIROS material were

manufactured on polished and ground sitall substrates and were a thin-film
structure produced during controlled oxidation of metallic vanadium. The
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interference coloring of the specimens when they were illuminated by white
light was determined by the optical thickness of the vanadium oxide layer
and by the presence of a reflecting sublayer of metallic vanadium in the

- structure.

|l |
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N 03 04 05 06 07 08 Awmxm

Figure 2. Spectral Functions of Reflection Coefficient of FTIROS
Material: The optical thickness of the vanadium oxide
layer nh (micron): 1--0.18; 2--0.3; 3--0.38 (path be-
fore phase transition); 3'--0.38 (path after phase trans-
ition; 4--dependence of reflection coefficient at nh =
= 0.38 micron and with reflecting sublayer of aluminum;
5--dependence of light filter transmission coefficient
in front of lighting source for contrast optimization

Typical spectral characteristics of FTIROS of different optical thickness
are presented in Figure 2. The optical thickness was determined by the
position of the interference minimum reflection without regard to absorp-
tion in the oxide layer by the formula nh = X /2, wheren is the refract-
ive index, h is the geometric thickness of the oxide layer and A is the
wavelength corresponding to minimum reflection.

It is obvious from Figure 2 that the interference minimum can be found in
any region of the visible spectrum as a function of the optical thickness

- of the vanadium oxide layer. This explains the variety of initial colors
of FTIROS material. Variation of the color of the material during phase
transition was caused by redistribution of the spectral function of the
reflection coefficient in the visible region--by shifting of the interfer-
ence minimum to the short-wave region of the spectrum (Figure 2, 3').
Variation of the colors of the material is presented in Figure 3, where
the values of three-color coefficients of FTIROS before and after phase
transition for specimens of different optical thickness are plotted on the
color graph in the system XYZ. Three-color coefficients for lighting
source of type C were calculated by the selected ordinate method described
in [5].

It is obvious from Figure 3 that three-color coefficients of FTIROS before
and after phase transition differ by a value considerably greater than the
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Figure 3. Position of Three-Color Coefficients of FTIROS Material
on Color Graph as a Function of Optical Thickness of
Vanadium Oxide Layer: nh, micron: 1 and 1'--0.19; 2
and 2'--0.3; 3 and 3'--0.32; 4 and 4'--0.38; 5 and 5'-~
0.4; 6 and 6'--0.31 (aluminum reflecting sublayer); 7
and 7'--0.38 (numbers with a prime are the value of
three-color coefficients of the material after phase
transition).

Color Transitions of FTIROS Material
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Key:

1. Optical thickness of vanadium oxide layer, micron
2. Color of material

3. Prior to phase transition

4. After phase transition

[Key continued on following pagel
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{Key continued from preceding page]

5. Name [7] 11. Gray-Blue

6. Notation [8] 12, Light yellow-green
7. Yellow-green 13. Purple

8. Blue-purple 14. Bluish-purple

9. Blue 15. Dark Blue

10. Light blue

light discrimination threshold of the eye for a given spectral region for
specimens of material with optical thickness of the vanadium oxide layer
greater than 0.2 micron [6], which permits one to distinguish the color of
the material sufficiently clearly before and after phase transition. It
should be noted that the appearance of a new color on a background of the
initial color in our case is the result of subtraction of one complex color
from another. This creates difficulties in determining the names of the
colors of FTIROS material. Color transitions on FTIROS material are pre-

- sented in the table as a function of the technology of manufacture. The
names of the colors are taken mainly from [7] and, moreover, their nota-

tions are presented according to the newest colors standardized in the
atlas [8].

K
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Figure 4. Dependence of Visual Contrast of Image on the Material on
the Thickness of the Vanadium Oxide Layer: l--reflecting
sublayer of metallic vanadium; 2--reflecting sublayer of
aluminum

The visual contrast of the image. The dependence of the visual contrast of
the image on the optical thickness of the vanadium oxide layer for speci-
mens of FTIROS material with reflecting sublayer of metallic vanadium is
presented in Figure 4. The maximum contrast comprises approximately 0.3
with optical thickness of approximately 0.38 micron in this case. FTIROS
specimens with reflecting sublayer of aluminum, which has a higher reflec~
tion coefficient in the visible region of the spectrum, were manufactured
- to increase the contrast. As one would expect, the interference minimum
reflection of these specimens was expressed more sharply (Figure 2, 4),
which permits one to obtain visual contrast of approximately 0.6 for opti-
A cal thickness and also contrast equal to 0.38 micron (Figure 4, 2).
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Figure 5. Indicatrices of Brightness Coefficient of FTIROS
Material as a Function of Observation Angle: la--
specimen with thickness of oxide layer of 0.38
micron on a ground substrate prior to phase trans-
ition; lb--after phase transition; 2--specimen on
reflecting substrate. The indicatrices of the
brightness coeffficients for substrates without
FTIROS are shown by the dashed line (the brightness
scale is not followed in this case)

As can be seen from the table, the color transiticn light blue to dark blue

is realized on FTIROS specimens with maximum contrast. BAnalysis of the

dependence of the spectral reflection coefficient of FTIROS specimens with
- maximum contrast shows that the greatest variation of the reflection coef-
ficient occurs in the red region of the spectrum during phase transition.
This circumstance permits one to increase the visual contrast of the image
by using radiation with specific spectral composition to illuminate the
material. Thus, installation of the 08-13 light filter, which splits the
blue-green region of the spectrum (Figure 2, 5) in front of the FTIROS
lighting source increases the visual contrast of the images on the mater-
ial up to a value of 0.73 without a significant loss of brightness
coefficient.

Investigation of the angular characteristics of image brightness. We in-
vestigated the angular dependence of the brightness coefficients of FTIROS
specimens on polished and ground sitall substrates by the method described
in Section 1. The indicatrices of the brightness coefficient of thermo-
chromic material FTIROS are presented in Figure 5 as a function of the ob-
servation angle. It is obvious from Fiqure 5 that the interference effects
which determine the color of FTIROS have no effect on the angular distri-
bution of the brightness coefficient and the brightness indicatrices are
entirely determined by the quality of machining the surface of the mater-
ial substrate. The use of FTIROS material on a ground substrate in display
devices permits one to provide equal~brightness reading of information at
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a wide angle of observation of approximately 110°, It should be noted
that the value of the image brightness confficient on FTIROS material de-
pends only on the angle of observation and, unlike display devices based
on non-mat liquid crystals [9], does not depend on the observation azimuth.
Conclusions
The investigations show that an image on thermochromic material FTIROS has
good visual contrast and sufficient brightness coefficient for reflection
of optical information on the material. These parameters in combination
with reversibility and the possibility of accomplishing the non-volatile
- memory mode using the hysteresis effect during phase transition [1}] indi~
cate the promise of using the material in display equipment.
The authors are grateful to T. G. Lanskaya and V. O. Skvortsova for help

in manufacturing the specimens and also to P. G. Golubev for useful dis-
cussion of the results of the paper.
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PLASMA PHYSICS

UDC 537.533.7: 535.233.24

RELAXATION OF THE RELATIVISTIC ELECTRON BEAM IN A GAS, TAKING ACCOUNT OF
THE RADIATION

Moscow DOKLADY AKADEMIT NAUK SSSR in Russian Vol 248, No 1, 1979 pp 67-69

[Article by B.V. Alekseyev, A.S. Litvinovich and G.V. Neaterov, Moscow
Aviation Institute imeni Sergo Ordzhonikidze; presented by Academician
A.A. Drobnitsin]

[Text] Passage of a high-power relativistic electron beam (r.e.b.) through
a gas is a high-temperature process (1) in which the transfer of radiant
energy is determinant.

We consider the solution of the stationary axisymmetrical problem of r.e.b.
relaxation in a dense gas. For the calculation of the r.e.b. relaxation

a combined method has been developed based on the kinetic equation of
radiation transport and the Monte Carlo method with the application of an
iteration process.

The calculation of r.e.b. transmission against an assigned hydrodynamic
background (as the first approximation) is performed by the method of sta-
tistical tests (a variant of the Monte Carlo method. The beam is simulated
by an ensemble of particles. The computation algorithm is as follows: 1in
conformity with the initial distribution function in phase space the elec-
tron coordinates and velocities at the moment of entry into the system are
introduced, the length and time of the free path of the electron is calcu-
lated and its coordinates before the collision are found. The velocity

of the atom participating in the collision is introduced. The electron
velocity after the collision is determined from the conservation laws.

The differential and total cross section for scattering of the electron

by atoms and the effective excitation potential is calculated according to
the formulas of Spencer and Bethe-Bloch respectively (2). Tracking of the
electron is performed until it has lost most of its energy or left the
region of interest.
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The microparameters of the problem, and specifically the density of charged
particles and the energy release function, in the computing cells of the
region are obtained by averaging over the particle ensemble.

The calculation of the radiative transfer is carried out by the optimum

- method of spatial characteristic curves. The optimum situation is achieved
by employing improved-accuracy quadratic Gauss formulas in calculation of
the moments of the intensity Iy of radiation into the solid angle @ at the
frequency /. The Planck distribution function B,/ is used as a weighting
factor in the integration. The advisability of such a choice is indicated

_ by the nature of the frequency dependence on the intensity of .adiation.
The radiation intensity I,/ at the computation points of the region in the
directions «/, determined by the employed quadrature formulas, is found by
solving the Cauchy problems for the transport equation

/f_’v ’v = K (Bx -Il’).

The equation proposes that the condition of local thermodynamical equilib-
rium is fulfilled and scattering absent. The optical properties of the
medium are given by the spectral coefficient of absorption Ky which depends
on the temperature T, pressure and frequency. A correct formulation of

- the problem calls for prescribed radiation intensities at the boundary of
the region in inward directions.

The computation grid is formed by intersecting coordinate surfacas of the
cylindrical coordinate system. The calculation of the radiation intensity,
Iy is performed along the characteristic curves & employing a tetrahedral
pattern. A difference scheme is obtained by integrating the tranmsport
equation over the tetrahedron volumes. It is of the first order of approx-
imation, monotonous and absolutely stable.

The problem considered here is a problem of radiation equilibrium in a
closed cylindrical region. The energy released in the beam zone in a time
unit is equal to the total radiant flux through the surface of the cylinder.
The gas temperature in the volume is determined from the energy balance

Vg 0.

where the divergence of the radiant flux q expresses the rate of the
energy influx into a volume unit due to radiation, and Q the power released
in a volume unit during the passage of the r.e.b.

The expression for wxyq is obtained by integrating the transport equation
with respect to the solid angle and frequency. It is of the form

ol X kT =

Vg - Ank, ST Kooy 1o x wid wdxe
I oo 4n
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here 6 is the Stefan-Boltzmann constant, Kp the Planck-averaged coefficient
of ansorption, and x = hy /KkT.

Substituting the expression for wq into the condition of radiation equilib-
rium and solving the equation thus obtained with respect to T we obtain the
- iteration formula for calculation of the gas temperature at the grid points
- of the region
1 N R S TN Vdwd "
T ! + S (x X, wVdwdx .
- (e l.lu /\',. ¢ h 0 an ' v l(n)

where n is the number of the iteration. These iterations will be called
internal.

According to the approach adopted, the whola problem is subdivided into

two independent stages -~ the relaxation process of the r.e.b. in the gas
and the transfer of radiant energy. From the first stage with a fixed
temperature field T the magnitude of the released energy Q is found; in the
second stage with fixed energy release Q a new temperature field is com-
puted. The problem is adjusted by an iteration procedure. The alternation
of these stages will be called the external iterations.

Numerical calculations have been carried out for a cylindrical chamber of
- length 300 cm and radium 10 cm. The chamber is filled with potassium
vapor at a pressure of 3 bar. The temperature of the chamber walls is kept
constant at 2000K. It isassumed that the radiation from the walls into the
chamber is perfect black-body radiation with the Planck distribution func-
tion. The r.e.b. of initial radius 1 cm, initial energy 0.2 MeV and power
0.4 MW enters into the chamber from the end face. The system is placed in
an external longitudinal magnetic field of induction 50,000 Gauss. With
these parameters the meam turns out to be magnetized so that the energy
release is practically concentrated in the near-axis zone. To achieve
convergence 15 external iterations were needed, the number of internal
iterations in the second stage was 8. Improvement of convergence was
attained by application of a damping procedure to the energy release func-
tion

R (A L N X

here m is the number of external iterations. The accuracy with which the
number of external iterations was fixed depending on the temperature did
not exceed 2.5%.
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Fig. 1 shows the distribution of the rate of energy release, Fig. 2 that of
the concentration of fast electrons (minimum energy 0.01 MeV) along the
chamber axis. Tig. 3 represents the configuration of the temperature field
in the chamber, the dashed line shows the beam zone. For a temperature of
6000°K the mean free path of the photons is 1 cm. Note the abrupt tempera-
ture gradient in the near-axis zone, which is connected with the formation
of a beam channel.
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PLASMA PHYSICS

UDc 533.9
FEATURES OF THE HEATING OF A SUBSTANCE BY SPECIAL-FORM RADIATION

Moscow DOKLADY AKADEMII NAUK SSSR in Russian Vol 247, No 5, 1979
pp 1137-1140

[Article by V. K. Ablekov, Academician V. S. Avduyevskiy, Yu. N. Babayev,
corresponding member of the USSR Academy of Sciences, and A. M. Frolov, sub-
mitted 4 Apr 79]

[Text] The problem of the heating of a substance by radiation is governed
basically by the physics of the introduction of the electromagnetic energy
and by the mechanisms of energy transfer from the electrons to the ions of
the plasma of the substance.

In this article we look at the mechanism of the heating of ions of a dense
plasma and a metal lattice relative to the energy of strong incident radia-
tion.

The metal is treated as a "cold" plasma, i.e., kinetic effects of the elec-
tron gas are disregarded. The electron gas is considered degenerate up to
temperature Tg (T is the degeneracy temperature). In connection with this
the electrons close to the Fermi level are studied. The dispersion proper-
ties of plasma and metal are not taken into account. A spatially homogene-
ous formulation of the problem is investigated.

The electrons in the plasma and in the metal are in motion in a transverse
wave field having the form

(1D E = E, sin wt.

The motion of an electron in the field of a light wave satisfies the
equation .
' eky | .
— = — Py,
(2) P -~ sin w iy

where v, is the frequency of the collision of electrons with ions or with
the metal lattice. In the general case the collision frequency depends on
the path velocity of the electrons.
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- Assuming that the reaction time is small in comparison with the time of
propagation of the heat wave resulting from the heat-up of the electron
gas, one can presume that heat-up of the electrons and the metal lattice
is described by the equations

aTe . .,
3 e _-a—l-_- =JE i (T, =T,
- o,
(4) ] 7{— =48 Ve, (Te - TI) fp(“. = fS'.

where § is the coefficient of elastic collision of the electrens and the
lattice in the metal or of the electrons and the ions in the plasma. In

the case of metals [1]

2
7 Mechen

A= o el »
- 6 c.T
and in the case of a plasma [2]
m,
IR

m;

Assuming that 8 is constant, i.e., is independent of the relative velocity
of electrons and ions, we will obtain a solution of the system (D)-(4) in
the form

T T ;2 : :
(50 Te - Ti—usin? wr o+ bsin Wl cos wr +e cos? wr;

(6) T- (’ng("»:c— I+ g sin? wl);

elntl

(7) o= - - e
} Mece b (W +ug)
where
g besr't i (. LI—
Wobme e (WP +vd) \ (d0® +035%)8 (4 + 0%, 6%) &

Averaging (5) and (6) with respect to time, we will derive from (5)-(8) the
expressions

- 2, 42
E (9 Te-Te  ORE
dm, ¢, (W +12))
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7= 83 Vei *n k3

oy N G X
X [_1«9_ P (_ Aot o, ,.-_":_',f. !

B @ \@+uksh)s (el ekie) 8 /)

. where ¢ is the effective time of the incident radiation. For the sake of
simplicity, we will assume hereinafter that the effective time is equal in
order of magnitude to the wave periods Solutions of (9) and (10) were ob-

- tained assuming the collision frequency to be independent of the temperature.
However, these solutions can be the solutions in a zero approximation for
the system (2)-(4) and for the case of collision frequency independence of
temperature.

We will define now the conditions under which the dependence of collision
frequency on temperature becomes significant.

From (2)-(4), when w <y,

. T2 142
4 Ce mgk e Fy gl
an  rto- . LD

2 2
2 &g, o 2

from which we find that, for plasma,

VN S~u, w7

since 4«1, and for metal i > 7, since d> 1.,
When i , we obtain a somewhat different expression
.1l 242
o migl L vy
- (12) Te )~ =, T o= —pm e
2 nie b’ (wtbe,)
and
, me Yl
. a3 2 mg 0*

Hence, we derive relationships having the form
- LT PR S AN
, (14) V<~ ' ) ~ .
w

When w<sv,; , we have from (14)

LY/
VoS ~u,,
w

ise., u,» ¥ when §» | « When w¥éby,; , where 6>1 or §<1 ,

_ [,
[Vansiy ~u,

w
. and, consequently, Yy, .
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I‘hus, the temperature dependence of the frequency of collision of electrons
with ions is significant for metals only in the range of frequencies w» fy,,
where 8> 1, whereas for a plasma the dependence is significant for the en-
tire range of frequencies [3].

Eliminating from (9) and (10) the electron temperature T, and allowing for
the relationship of ¥y to Tg in a form Ve =¥, (To/T, ) for 5§ <1 and

Vei = vo (TofTe)® » for §»1 , we will obtain for the case when ) <v, and § <1
Ti\s 1 T [T E} vy \] ES 1 E}

av (3)-» 2 42 (m-5)]a w95 B0
To Vo' To To E w Ep Vo Ep

when Vel Rw<Lbve; | if §% 1 ,

T \? T: \? E? 2 ] >
(16) (;‘—) <—'-\ 8w b

o To / Ep _4— (d’ E;

and when w» by, , if 6>1 ,

Ty £} T 1 T, [ E3 T, 1*v§6*  E}
Tt Sl et — — 4
To ,ip To TO IZ To 4w Ep
4

XL 2 3 p? opd
U S 1 1 P
16w’ £, ; E; T, w Ep
Tow
- I:‘,’,=6m¢c, O’
c‘n

where E;’is the plasma parameter; & is the coefficient of the collision of
electrons with ions or with photons; T_ is the initial ‘temperature for the
plasma or the degeneracy temperature o% electron gas in the metal; <o is the
frequency of the incident radiation; and 3, is the electron-ion colllslon
frequency when Te=Tg.

Figure 1 shows the general form of the relationship between the ion tempera-
_ ture T; /T, and the intensity of the light field E5/E, for various ranges .
of radiation frequency: w<y, (curve 1); p,; €w <oy (2); w>bvy (3).

A feature of these curves is their ambiguous quality in the region of ener-
gies less than £2, connected with the instability of electron gas heat-up.
The electron gas instability in this energy range was revealed earlier in
reference [3]. It occurs in the region (0.1-10) Ep' The temperature of the
ion subsystem in this case is of the order of magnitude of 105-107 K, For
the region w<év,; when E} >E,’, » the temperature of the ion subsystem con-
tinues to increase (curve l-rapidly, 2-slowly). In the region w» by at
higher incident radiation energies there is an ineffective dissipation of
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energy, which is in accordance with a low efficiency of the collision mech-
anism of energy transfer from radiation to ion subsystem.

]i/ Ic

Figure 1 &/5
The nature of the instability governs the effective form of radiation for
heating the substance. It should repeat the form of the curve in the region
of instability since the instability can lead to cutoff of heating. This
circumstance makes it possible, by means of further frequency modulation with
the energy governed by the space between the two branches of instability, to
ensure throwing the process into another stage. The profiled heating and
the frequency modulation may contribute substantially to solving the problem
of strong heating of matter treated in [4, 5].
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MATHEMATICS

CYBERNETICS

UDC 519.95
THE POLYNOMIAL SOLVABILITY OF CONVEX QUADRATIC PROGRAMMING

Moscow DOKLADY AKADEMII NAUK SSSR in Russian Vol 248 No 5, 1979 pp 1049-1051
manuscript received 20 Apr 79

[Article by M.K. Kozlov, S.P, Tarasov and L.G. Khachiyan, USSR Academy of
Sciences Computer Center, Moscow; presented by Academician A.A, Dorodnitsyn,

16 Apr 79]
[Text] We shall consider the problem of convex quadratic programmin (k.p.)
p
[QP] !
QP]:
] ] n n
16D f{x)= 7 (x, Cx) +(d, x) = 7 i.j.‘:l Cipix; +.}E‘ djx; + min,
(Ai, x) = f‘. aix;<bi; i=1,2,...,m; x ER",
=1

where C is an integer symmetrical positive semi-definite matrix, and the
vectors d and Aj, and the scalars by are also integral.

The following quantity is termed the input length of the QP problem:

n n
Lely 4Ly = 2 toga(lel4 1) +.3 logs(ldi| ]
(2) 1 2 [i,i—“-l()gz( 01/ ) Py ng( ] +1] +

) m.,n
+l ' _Xllng,(lai,H 1)+ ¥ loga (1614 1) + logy nm + 1},
ij= i=1

which defines the number of binary symbols necessary for writing (encoding)
the input information of the problem.

The following is understood to be the precise solution of the QP problem:

a) The determination of the compatibility of the system of linear inequal-
ities; in the case of compatibility, the determination of whether the
functional f(x) is limited on the downside in the set X & R® of solutions
of the system of inequalities;

b) If the limitations are compatible and the functional is limited in X, then
the finding of the extremal value f© = t/s (t and s are mutually prime
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. . o
intepers, as well as the rational vector x & X, where the extremum is
achieved.

An algorithm is constructed in this paper for the precise solution of the QP
problem, the labor intensity of which is limited by a polynomial of input

- length L, i.e., it is demonstrated that the QP belongs to a class of problems
P which are solvable in determinate Turing machines in a time polynomial with

respect to the input [1]. We shall now move on to the construction of the
algorithm.

I. An algorithm T was constructed in [2] to determine the compatibility in
R systems of the linear inequalities:

(Aix) <by, i=1,2,...,m,

with a labor intensity Ly, polynomial with respect to the input, where Ly i
defined by formula (2). The characteristics of the algorithm T are as fole
lows: a memory of 0(n + nm) numbers, each of which has a fixed decimal point
0(nL2) for the bits written in the binary system; 0(n3(n2 + m)Ly) elementary
addition, subtraction, multiplication, division, square root, max., and min.
operations are performed on numbers with a precision of O(nLp) digits,

Thus, the compatibility of the system of linear inequalities ~ the limitations
of the QP problem is tested by algorithm T. It is assumed below that X # ¢.

The downside limitation of the convex quadratic functional on X is equivalent
to the compatibility of a system of n + m linear inequalities and equalities
in terms of the variables (x, A\)eR"*™

Cx+d+ T NA; =0,
=1

3 N0, i=1,2,...,m.

The input of system (3) does not exceed 2L, where L is the input of the QP
problem. TFor this reason, the compatibility of system (3) and consequently
also the downward limitation of f(x) in X is checked by algorithm T with a
labor intensity polynomial with respect to L. For this, O((n + m)°L) elem-
entary operations are required on O((n + m)L) digit numbers. Thus, accord-
ing to section (a), the precise solution of the QP problem is exhausted.
In the following the downward limitation of f(x) in X is assumed. With these
assumptions, the minimum of the quadratic functional is achieved, in which

- case, it can be shown that the optimum value has the fzrm f0 = t/s, where
t and s are mutually prime integers,[t| :_ZSL, [sl 22 L,

II. We shall show that to precisely find the optimal value £ = t/s of the
functional, it is sufficient to determine the compatibility of 13L + 2 sys-
tems, Pi, of the form:

(40 X)<b;, 1=1,2,...,m
S(x) < /sy,

3
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in which case, the integers ty and sy, which specify the system Py, k = 1,
2, . , 13L + 2, do not exceed the absolute value Ttkl % 213L+2, Iskl 2

< 28L42 1n fact, since O € [—ZSL, 25L], then by using the method of divid-
ing the segment [-29%, 25L] in half, and checking in each step the compati-
bility of the system Py with the corresponding th and sy, once can find the
approximate value of f© within a precision of 2-8L-2 Gver 13L + 2 steps, i.e.,
a number f = can be found such that:

/s

130427513142

(4) 1f-fC1=1f-t)s1<278L-2 |5 )<2%L,

It follows from (4) that the fraction t/s is the convergent of the continued
fraction of the number f, and can be found by the expansion of f in a con-
tinued fraction. Thus, the precise value of f° is found from the approxi-
mated f over a time polynomial in L: for this, O(L) addition, subtraction,
multiplication, division, and max operations required, which are performed
with a precision of 0(L) digits on O(L) digit numbers,

1IT. We shall now construct the algorithm, polynomial with respect to L,
for the determination of the compatibility in R of an arbitrary S{stem Py,
k=1, 2, ... , 13L + 2, specified by integers ty and sk, |t| < 213L+2,
isk| < 2éL+2. For this, two lemmas are required, which are similar to
lemmas 1 and 2 from [2].

Lemma 1. If the system Py is compatible (i.e. ty/sk > t/s, then there
exists its solution from the Euclidean sphere S = {x| ”x|| < 221},

Let 0(x) = max LS (x) — te/sk, (Ai,x) =b;), i=1,2,...,m

be the disparity of the system Py at the point x € R?, In particular,
8(x) < 0, then and only then is x a solution of Pk.

Lemma 2. If the system Py is disjoint_(i.e., ty/sg < t/s), then for any
x RO, the disparity is 8(x) > 2-2-1oL,

As soon as Lemmas 1 and 2 have been established, the same arguments as were
employed in [2] to determined the compatibility of the systems of linear in-
equalities can be used to construct the polynomial algorithm for the deter-
mination of the compatibility of the systems Py. It follows from the lemmas
that to determine the compatibility in RT of an arbitrary system Py, it is
sufficient to find such a point x &R0 that:

(5) 0(x)<fg +2-15L,

where 84 is the mininum of the disparity of the system Py on the sphere S,
In actual fact, in this case_we have either 6(x) < 2-15L" (the system Py is
compatible), or 8(x) > 2.2~ (the system is disjoint), In turn, one can
make use of the algorithm of ellipsoids [2, 3] to find the requisite point
x which satisfies (5). The characteristics of this algorithm are as
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follows in our case: to determine the compatibility of each of the systems
P, a memory of 0(n? + nm) numbers is required with a written length of
0(nl.) bits; 0(n3(n? + m)1) elementary operations with a precision of 0(nL)
digits are performed on these numbers.,

Thus, in sections II and III, an algorithm polynomial with respect to L is
constructed for the determination of the extremal value of a convex quadratic
functional for the case of linear limitations.

IV. Let the optimum value of the functional J" = /s i<t gsistt

be found. To find a certain optimal point of the QP problem, it is suf-
ficient to find the vector x0 & R® which satisfies the system:

(A, x)<lhy, i=1,2,... m,

fix) <.

(u,)

1

_ The solution of this compatible system can be obtained in the folling manner.
Let X3 S R" be a set of solutions of the system Uy. In it, we replace the
linear inequality (A{,x) < by which comes first in terms of the order of
magnitude by the equality (Aj,x) = b1, and determine the compatibility of the
system obtained as a result of this substitution., If it is disjoint, then
the first linear limitation in Uj is redundant (since the hyperplane defined
by this linear limitation does not intersect X1) and is rejected. Otherwise,
the equality in the first line is registered., The system Uy resulting in
this manner has a nonempty set of solutions Xy Xj, and in this case, the
total number of limitations in Uy has not increased, while the number of
linear limitations - inequalities has been reduced by unity, We then replace
. the inequality (Ap,x) < by, which is first in terms of the order of magni-
~ tude, by the equality, determine the compatibility of the system resulting
following the substitution, etc. After m steps, we obtain the compatible
system Upty1, consisting of only linear equalities and the quadratic inequali-
ty, £(x) < t/s. Taking into account the fact that the point where the minimum
of the quadratic functional is reached at r,0 < r < m, linear limitations --
equalities with integral coefficients, is found over a time polynomial in L,
we obtain the precise solution of the QP problem.
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[Article by L.G. Khachiyan, Computer Center of the USSR Academy of Sciences,
Moscow, presented by academician A.A. Dorodnitsyn, 4 Oct 78]

[Text] We shall consider a system of m 2> 2 linear inequalities with respect
to n > 2 real variables X1, ..., X{s eeey Xn?

anzit .. FapT.<h, i=1,2,...,m, 1)

with integer coefficients ajj and b;. Let

L=[Z 1001(1a41|+1)+2Iogz(|bil+1)+logznm]+1 (2

iy=t LETY

is the length of the sys:em input, i.e., the number of 0 and 1 symbols
needed to write (1) in binary notationm.

In this paper, an alogrithm polynomial with respect to L 1s constructed
for the determination of the compatibility or incompatibility in RD of the
arbitrary system (1). This algorithm requires a memory of O(nm + n2)
numbers, each of which has O0(nL) digits inbinary notation. O(m3(n2 +

+ m)L) addition, subtraction, multiplication, division, square root and
max. operations are performed on these numbers, where the requisite pre-

- cision in executing the operations is O(nL) digits. In other words, it is
proved that the problem proved that the problem of determining the com-—
patibility of the systems of linear inequalities in RD belongs to a class
P of problems which are polynomially solvable [1] in determinate Turing
machines, The polynomial solvability of linear programming problems like-
wise follows from this result, i.e., problems of linear form maximization
with integer coefficients for the case of the limitations of (1). It
should likewise be noted that the question of the completeness of the
problem of determining the compatibility of systems of linear inequality
in the class of NP problems was also posed in [1]. Thus, this problem is
either incomplete or P = NP,
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1. The Localization of the Solutions and the Incompatibility Measure.

Lemma 1. If the system (1) with the input L is compatible, then there
exists a solution x0 from the Euclidian of the sphere § =
- = (x| |lzll<2t),

Let

0 (z)= max{a;z,+.. ‘ai.z.—b}, i=12,...,m, (1.1)
{

8(x) is the disparity of the system at the point x & R%, We will note
_ that if x0 is a solution of the system, then 8 (x0) < 0.

Lemma 2. If the system (1) with the input L is incompatible, then for
any x & R, the disparity 6(x) > 2 + 2-L,

It follows from lemmas 1 and 2 that to solve the problem of the compati-
- bility of system (1), it is sufficient to find a point x in R% such that
8(x) < 8g + 2-L, where 65 is the minimum of the disparity on the sphere
S. 1In actual fact, in this case, we have either 6(x) < 2-L (the system is
- compatible) or 6(x) > 2 . 2-L (the system is incompatible).

A description of an algorithm for finding the requisite point x where
the algorithm is polynomial with respect to L is given in section 3.
This algorithm is based on concepts close to the method of ellipsoids of
N.Z. Shor [2, 3]. However, a few auxiliary constructions are required
first.

2. Auxiliary Constructions. We shall consider an ellipsoid E in RR,
specified by the pair (x, Q), where x & R® is the center of the ellip-
soid and Q = ‘Iqij is an (n x n) matrix. This ellipsoid represents the
mapping of the Euclidian of the pair IkH < 1 shifted to the point x with
the transformation Q, i.e., E = {y]y =x + Qz, [kl[g_l}. In particular,
E is not degenerate if det Q # 0. We shall set |Q][= quﬁj and we shall
say that the ellipsoid E' = (x', Q') approximates the ellipsoid E = (x,Q)
with a precision of & if || x' - x|l + || Q" - q]| < 6.

Let the nondegenerate ellipsoid E = (x,Q) and the nonzero n-dimensional
vector R be given. W. shall designate the figure (semi-ellipsoid) ob-
tained by the intersection of E with the half-space RT(y -x) 20 as
(1/2)Eg.

Lemma 3. Let E=(x,Q) be a nondegenerate ellipsoid and (1/2)ER (R # 0) be
its semi-ellipsoid. We shall consider the ellipsoid ER= (xR, QR):

: e . QR

Y

omp+ Q@R n_gusn.0.0RT OR Auy
T Grniear Q-ORT(C'R)

(2.1)
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where ORT(QTR) is an orthogonal (n x n) matrix, the first column of
which is the vector QTR/”QTR|L while Ap is a diagonal (n x n) matrix,

1\n=diag(—f—-, ! yerns ! ) (2.2) }
nt+i Vi-1/n? Yi-1/nt

If the ellipsoid E'=(x',Q') serves as a S-approximation for ER, in which N
case:
det
s -lnl € Qll , (2'3)
ey

Then E' completely contains in itself the semi-ellipsoid (1/2)ER and

Iz <zl +—"g, o' Il<lQl -2+, 2.4

. 2" < det Q'/detQ< 2",
(2.5)

The sense of Lemma 3 consists in the fact that it permits an analytical
circumseription of the new ellipsoid E' about the semi-ellipsoid (1/2)Eg
so that: a) Only appropriate calculations arc used; b) The valuations of
the quantities Tk'Tland la' ]| do not exceed the valuations ||x || and [l ll
by too much; c¢) The ratio of the volumes 6f the ellipsoids mesE' /mesE =
= detQ'/detQ falls within the limits of (2.5).

3. The Description of the Algorithm, We shall write the original system
of linear inequalities (1) in the form: -

Ai,ng(, l=1, 2',..-| m, (3,1)

where Aj are the rows of the system. Without limiting the generality,

we shall assume that all A; # O. The operation of the algorithm consists
of N = 16n2L iterations with numbers k = 0, 1, ..., N. At the k-th
iteration, we have: an ellipsoid Er~(xk, Qx) and a scalar 6. In
"physical" terms, xy, Qg and Oy take the form of data files, each scalar
component of which is written in binary notation on a tape M, having

23L bits ahead of the decimal point and 38nL bits after it. We shall say
that the scalar 6 fits on the tape M if |8 || < 223L, similarly, the
data files x and Q fit on tapes M if each scalar element of them
fits in. For this, it is sufficient that |k||, |lQ || < 223L,

In the initial iteration with the number k = 0, we write:

zo=0, Q.=diag (2%,...,2%), 6,=max {-bJ}, (3.2)
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i.e. the ellipsoid Eg coincides with the sphere S, while 6 is the amount
- of the disparity at the center of the sphere. The following inequalities
are justified in the k~th iteration:

lodi<Foom o<z, 10<2 3.3)
n

gnL-ArZdet thz'ﬂ--*“". (3.4)

In particular, since k < 16n2L, it follows from (3.3).and (3.4) that
Xk, Qx and 8k all fit on the tapes M. When k = 0, the inequalities
(3.3) and (3.4) are obvious, and the proof for other values of k < N is
accomplished using induction. N

The operation of the algorithm in the k-th iteration begins with the fact

- that the disparity 6(xk) is computed in the center of the next ellipsoid
Eg. Since {|Aj l, bi| < 2L and the vectors Aj are integral, ti follows
Erom (3.3) that the quantity 6(xy) can be found precisely and will fit in
M. In an analogous manner, the number ix of the row in which the maximum
of (1.1) is achieved at the point x = xi is found precisely. It is then
assumed that 84 = min(6g, 8(x)). The quantity 61y which can be com-
puted precisely represents the record minimum value of the disparity in
tiie already obtained approximations Xg, ..., Xk and satisfies (3.3) for
the case c. k+1, since this inequality is true for k.

We then go about finding the new ellipsoid Ek+1z(xk+1’Qk+1), which en-

tirely encompasses the semi-ellipsoid (1/2)Eg, which is obtained from the

B Ex intercept of the region A(x-xy) >0, in which th disparity 6(x) know-

- ingly exceeds 8(xi). For this, the vector Fy = -QrAjk is found again,
which by virtue of the integer nature of Ajx and (3.3) can be computed
precisely and fits on the tapes M. Obviously, Fk # 0, since Ajx # O,
and it follows from (3.4) that detQg # O. In having the precisely found
Fk # 0, Ex+1 is computed from formulas similar to (2.1):

QuF

< . AL, YA, .
e A QORT(£) An (3.3)

Tyt =Ty

- and in this case, these calculations are carried out in an approximate
fashion with a precision of & = 2-37nT, (We recall that the tape M has
38nL digits after the decimal pgint). However, it is important to note

= the following: since l?le 2:223L, 0(n3) addition, subtraction, wmulti-
plication, division, square root and max,operations are sufficient for the
calculations of (3.5) with a precision of § = 2-37nL | where these opera-
tions can be carried out with a precision of 0(nlL) digits.

With this, the k-th iteration is completed., If k < l6n2L, we set about

- the (k+1)th iterations; however, if k = 16n2L, the count is terminated and
the record minimum disparity Oyt is fed to the output.
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The description of the algorithm is actually completed, and it is only
necessary to inductively prove inequalities (3,3) and (3.4) for the case
of kt+l, assuming they are justified for the case of k. This proof is
easily derived from Lemma 3,

Theorem 1, The record minimum value of the disparity Oyn41 satisfies the
inequality Oy41 < 8¢ + 27L, where 6g is the minimum of the
disparity on the sphere S,

It follows from Theorem 1 and the results of section 1 that either

On+1 < 271 (system (1) is compatible), or On+1 2 2 * 27L (the system is
incompatible). The requisite polynomial algorithm has been constructed.
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